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Abstract
In plants, lipids of the photosynthetic membrane are synthesized by parallel pathways associated with the endoplasmic reticulum (ER) and
the chloroplast envelope membranes. Lipids derived from the two pathways are distinguished by their acyl-constituents. Following this plant
paradigm, the prevalent acyl composition of chloroplast lipids suggests that Chlamydomonas reinhardtii (Chlamydomonas) does not use the
ER pathway; however, the Chlamydomonas genome encodes presumed plant orthologs of a chloroplast lipid transporter consisting of TGD
(TRIGALACTOSYLDIACYLGLYCEROL) proteins that are required for ER-tochloroplast lipid trafficking in plants. To resolve this conundrum, we
identified a mutant of Chlamydomonas deleted in the TGD2 gene and characterized the respective protein, CrTGD2. Notably, the viability of
the mutant was reduced, showing the importance of CrTGD2. Galactoglycerolipid metabolism was altered in the tgd2 mutant with monogalactosyldiacylglycerol (MGDG) synthase activity being strongly stimulated. We hypothesize this to be a result of phosphatidic acid accumulation in the chloroplast outer envelope membrane, the location of MGDG synthase in Chlamydomonas. Concomitantly, increased conversion
of MGDG into triacylglycerol (TAG) was observed. This TAG accumulated in lipid droplets in the tgd2 mutant under normal growth conditions. Labeling kinetics indicate that Chlamydomonas can import lipid precursors from the ER, a process that is impaired in the tgd2 mutant.
Keywords: lipid metabolism, Chlamydomonas reinhardtii, chloroplast lipids, membranes, lipid transport

INTRODUCTION
Microalgae play an important role as primary biomass
producers in diverse ecosystems through their ability to
efficiently convert solar into chemical energy. In fact, estimates based on radioactive bicarbonate labeling of seawater samples from the Atlantic Ocean suggest that marine algae account for nearly a quarter of total global
carbon fixation (Jardillier et al., 2010), which is in part a
result of their high photosynthetic efficiency (Melis, 2009;
Weyer et al., 2010). In addition to their importance in natural ecosystems, microalgae have received special attention as biofuel feedstocks because of their rapid life cycle
and their potential to accumulate high levels of biomass
in limited space.

Chlamydomonas reinhardtii (Chlamydomonas) is a unicellular green alga that has served for many decades as
an instructive model in studies of photosynthesis, flagella development and function, and more recently to explore the regulation of metabolism in response to different growth conditions. Chlamydomonas cells are haploid
during vegetative growth and the Chlamydomonas genome often has a single copy of many plant orthologous
genes, thereby facilitating genotype–phenotype relationship studies. Finally, the availability of multiple resources
including a sequenced genome (Merchant et al., 2007) facilitates research on this microalga.
Photosynthesis takes place in thylakoid membranes
in bacterial cells or inside chloroplasts present in algae and plants. Photosynthetic membranes from the
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cyanobacteria, the presumed predecessor of chloroplasts,
algae and plants analyzed to date contain four lipids: the
two galactoglycerolipids mono- (MGDG) and digalactosyldiacylglycerol (DGDG), the sulfoglycerolipid sulfoquinovosyldiacylglycerol (SQDG), and the only phosphoglycerolipid phosphatidylglycerol (PtdGro) (Boudière et
al., 2014). With their different properties, each lipid class
plays distinct roles in photosynthetic membranes. Therefore, these four lipids are present in a conserved ratio in
order to maintain the structure and function of photosynthetic membranes (Boudière et al., 2014).
Among these conserved lipids, the galactoglycerolipids MGDG and DGDG are the most abundant throughout
Viridiplantae (Boudière et al., 2014). In plants, the galactoglycerolipids are synthesized either through the eukaryotic or through the prokaryotic pathways (Roughan and
Slack, 1982). In the case of the eukaryotic pathway, fatty
acids synthesized in the chloroplast are exported, converted to acyl-CoAs and incorporated at the endoplasmic reticulum (ER) into membrane lipids, e.g. phosphatidic
acid (PtdOH) or phosphatidylcholine (PtdCho). ER-assembled lipids then return to the chloroplast and are converted to diacylglycerol (DAG), which is then galactosylated in the two envelope membranes to form MGDG and
subsequently DGDG. In contrast, the prokaryotic pathway
in plants and algae occurs entirely in the chloroplast envelope membranes. Fatty acyl groups attached to acyl carrier
proteins (ACPs) synthesized in the chloroplast are incorporated directly into lipid precursors to give rise to PtdOH,
DAG and then galactoglycerolipids. In plants, the bulk
of MGDG is synthesized in the inner envelope, whereas
DGDG is synthesized at the outer envelope, requiring an
exchange of lipids between the two envelope membranes
(Benning, 2009).
In plants, lipids derived from either pathway can be distinguished by the number of carbons at the sn–2 position
of the glyceryl backbone: 16–carbon fatty acids (C16) for
the prokaryotic and 18–carbon fatty acids (C18) for the
eukaryotic pathway-derived lipids, respectively (Heinz and
Roughan, 1983). This is thought to result from the substrate specificity of lyso-PtdOH acyltransferases located
in the chloroplast that prefer C16, whereas those at the
ER prefer C18 (Roughan and Slack, 1982; Frentzen et al.,
1983; Kunst et al., 1988; Kim et al., 2005). Because Chlamydomonas has exclusively C16 fatty acids at the sn–2 position of its galactoglycerolipids, it is thought not to use
the eukaryotic pathway for galactoglycerolipid synthesis,
and therefore should not require ER-to-chloroplast lipid
trafficking (Giroud and Eichenberger, 1988); however, this
conclusion is based on the untested assumption that the
lyso-PtdOH acyltransferases at the ER and the chloroplast
membranes in plants and Chlamydomonas have the same
distinct substrate specificity.

In Arabidopsis, the ER-to-chloroplast lipid trafficking
of the eukaryotic pathway is mediated through TRIGALACTOSYLDIACYLGLYCEROL (TGD1, -2, -3 and -4) proteins (Xu et al., 2003, 2008; Awai et al., 2006; Lu et al.,
2007) and a recently discovered TGD5 protein (Fan et
al., 2015). Mutations in any of the respective Arabidopsis genes cause a secondary phenotype resulting in the
accumulation of oligogalactolipids, e.g. trigalactosyldiacylglycerol (TGDG), after which the mutants were named.
These oligogalactolipids are synthesized by the activation of a galactolipid: galactolipid galactosyltransferase
encoded by SENSITIVE TO FREEZING 2 (SFR2), a gene absent from Chlamydomonas, which, therefore, presumably does not synthesize oligogalactolipids. In Arabidopsis, TGD1, -2 and -3 form an ATP-binding cassette (ABC)
transporter complex in the inner envelope membrane
of the chloroplast, and function as a permease, a substrate binding protein and an ATPase, respectively (Benning, 2009; Roston et al., 2012). TGD4 is localized in the
outer envelope membrane of the chloroplast as a homodimer (Wang et al., 2012). It has been suggested that
TGD4 transports the ER lipid precursor from the ER to
the TGD1, -2, -3 complex (Benning, 2009; Hurlock et al.,
2014), and that TGD5 links this complex to TGD4 (Fan et
al., 2015). The TGD1, -2, -3 complex then transfers the ER
lipid precursor to the inner envelope membrane of the
chloroplast. It should be noted that the exact nature of
the transported lipid species for the TGD1, -2, -3 complex or TGD4 is not known at this time.
Bacterial orthologs of TGD proteins have been suggested to be involved in resistance to organic solvents
or toxic chemicals. In Pseudomonas putida, TtgA, -B and
-C (toluene tolerance genes) and SrpA, -B and -C (solvent-resistant pump) have been proposed to act as toluene efflux pumps, although their direct biochemical function has yet to be demonstrated (Kieboom et al., 1998a,b;
Kim et al., 1998; Ramos et al., 1998). Loss of function of
these proteins leads to toluene sensitivity. In Escherichia
coli, MlaD, -E and -F proteins are proposed to function
in maintaining an asymmetric lipid distribution in the
outer membrane (Malinverni and Silhavy, 2009). The loss
of function of any of these proteins results in increased
outer membrane permeability, possibly through an inability to remodel the outer membrane lipid composition
in response to chemical stress. The implication is that
the bacterial orthologs of the plant TGD proteins transport lipids between the cell membrane and the outer
membrane to allow remodeling in response to chemical insults.
The genome of Chlamydomonas harbors genes encoding putative TGD1, -2 and -3 orthologs (Merchant et
al., 2007). This raises two possibilities: (i) if Chlamydomonas does not require the import of lipids from the ER for
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Figure 1. Lipid phenotypes of the Chlamydomonas tgd2 mutant.
(a) Triacylglycerol (TAG) concentration in fmol
cell–1 of parental line (dw15.1) PL (solid bars)
and tgd2 (open bars) grown in N–replete
medium (N+) until mid-log phase, followed
by 48 h of N deprivation (N–), followed by
24 h of N–resupply (NR).
(b) Cellular concentration of lipids of the PL
and tgd2 during mid-log phase grown in
N–replete medium in order of presentation: monogalactosyldiacylglycerol, MGDG;
digalactosyldiacylglycerol, DGDG; sulfoquinovosyldiacylglycerol, SQDG; phosphatidylglycerol, PtdGro; digalactosyl-N,N,
N-trimethylhomoserine; DGTS; phosphatidylethanolamine, PtdEtn; phosphatidylinositol, PtdIns; phosphatidic acid, PtdOH; triacylglycerol, TAG; diacylglycerol, DAG; and
free fatty acids, FFA.
(c) Acyl group profile of total lipids of the PL
and tgd2 during mid-log phase grown in N–
replete medium. Standard nomenclature for
fatty acids is used, and is indicated below
the x–axis in (f): number of carbons:number
of double bonds, with position of double
bonds indicated counting from the carboxyl end.
(d) Acyl group profile of TAG of the PL and tgd2
during mid-log phase grown in N–replete
medium.
(e) Acyl group profile of MGDG of the PL and
tgd2 during mid-log phase grown in N–replete medium.
(f) Acyl group profile of DGDG of the PL and
tgd2 during mid-log phase grown in N–replete medium. In all cases, three biological
replicates were averaged and standard deviations are shown. Differences in means of PL
and tgd2 were compared with a paired-sample Student’s t–test (* P ≤ 0.05; ** P ≤ 0.01).

thylakoid lipid assembly, as suggested by the molecular
species composition of its thylakoid lipids, these proteins
may be primarily involved in transferring lipids between
the two envelope membranes, similar to the case in bacteria; (ii) alternatively, these proteins are involved in lipid
trafficking from the ER to the chloroplast, in which case
the plant paradigm for distinguishing thylakoid lipid species derived from the ER versus the chloroplast species
does not apply to Chlamydomonas. To test these possibilities, we identified and studied a Chlamydomonas mutant deleted in TGD2.

RESULTS
The tgd2 mutant accumulates triacylglycerol
enriched in MGDG acyl groups
Triacylglycerols (TAGs) typically accumulate to high levels in
Chlamydomonas only following nutrient deprivation, and
are degraded following refeeding. The tgd2 mutant was
generated by insertional mutagenesis and identified during a screen for mutants delayed in TAG degradation following nitrogen (N) deprivation and refeeding (Tsai et al.,
2014). When TAG levels were monitored during N–replete,
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Subtle changes in MGDG and DGDG molecular species were also notable. In MGDG of tgd2, higher levels of
16:0, 16:1 and 18:1, and lower levels of 16:4Δ4,7,10,13 and
18:3Δ9,12,15, were observed (Figure 1e). In the case of DGDG
of tgd2, the levels of 16:0 and 16:3 were reduced, whereas
those of 16:1 and 16:4 were increased (Figure 1f). We specifically tested whether the Chlamydomonas tgd2 mutant
accumulates TGDG, as observed for Arabidopsis tgd mutants; however, none of the Chlamydomonas samples
showed TGDG detectable by thin-layer chromatography
(Figure S1b), consistent with the absence of an SFR2- like
activity from Chlamydomonas.
Cultures of tgd2 show early senescence

Figure 2. Viability assay for the parental line (PL; dw15.1), tgd2 and
complemented line TGD2 tgd2 grown in N–replete medium.
(a) Images of cultures of PL, tgd2 and TGD2 tgd2 at days 3, 7, 14,
21 and 28 of cultivation. The culture was inoculated at 0.5 × 106
cells ml–1 on day 1.
(b) Cellular concentration of triacylglycerol (TAG, fmol/cell) in the
PL, tgd2 and TGD2 tgd2 at days 3, 7, 14, 21 and 28 of cultivation.
(c) Cellular concentration of malondialdehyde (fmol/cell) of the PL,
tgd2 and TGD2 tgd2 at day 3, 7, 14, 21 and 28. In all cases error
bars indicate standard deviations based on three replicates. Analyses of variance was performed with origin pro 8.0 (** P ≤ 0.01).

N–deprived and N–resupplied growth conditions, the tgd2
mutant showed elevated levels under all conditions tested
(Figure 1a). Therefore, we focused the subsequent analyses on cells grown in N–replete medium. When the steadystate levels of all glycerolipids and free fatty acids (FFAs)
were analyzed during N–replete growth, only TAG and PtdOH were increased with statistical significance in tgd2
compared with the parental line (PL; Figure 1b). The central lipid intermediate PtdOH was the least abundant lipid
included in the analyses, and was identified based on its
relative co-chromatography with standards (Figure S1a)
and its distinct acyl composition. Whereas the ratios of different acyl groups in the total lipid fraction did not obviously change (Figure 1c), the TAG fraction of tgd2 was enriched in 16:4Δ4,7,10,13 and 18:3Δ9,12,15 acyl groups (number
of carbons:number of double bonds with ΔNumber, indicating the position of the double bond counted from the carboxyl end), with a concomitant reduction in the 16:0 acyl
groups (Figure 1d) normally found in TAG synthesized following nutrient deprivation. These highly unsaturated acyl
groups are typically found only in MGDG (Figure 1e), and
their abundance in TAG of tgd2 suggests that its DAG moiety or its acyl groups are derived from MGDG.

During routine maintenance of long-term cultures on
agarsolidified medium, we observed that the tgd2 mutant had a shorter culture lifespan than the PL. Subsequently, viability assays were carried out to further investigate this phenotype. Liquid cultures of PL, tgd2 and
TGD2 tgd2 cells (a complemented line expressing TGD2
in the tgd2 mutant background, see below) were inoculated at 0.5 × 106 cells ml–1. Cultures were examined after 3, 7, 14, 21 and 28 days. After 21 days, the tgd2 culture began to turn yellow, which was even more obvious
on day 28 (Figure 2a). This observation correlated with a
continuously increasing fraction of dead cells over time
observed in the tgd2 culture using live cell stains (methylene blue and phenosafranin; Figure S2a). The tgd2 culture accumulated more TAG throughout the culturing time
(Figure 2b), and at day 3 substantial levels of MGDG-derived acyl groups were detected in the TAG fraction (Figure S2b). It seems likely that initially TAG is derived from
the turnover of fully desaturated MGDG, peaking at day
3, whereas later during prolonged culturing, as nutrients
are depleted, de novo TAG synthesis is induced. This is indicated by a steady increase of 16:0 and 18:1Δ9 acyl groups
characteristic of de novo synthesized TAG. The prolonged
culturing of tgd2 also led to an accumulation of high levels of malondialdehyde, which is a product of the reaction
between polyunsaturated acyl groups and reactive oxygen
species (ROS; Figure 2c). As cells die, ROS typically accumulate, consistent with the observed decrease in the viability of the tgd2 mutant.
Changes in the ultrastructure of tgd2 cells
The original tgd2 mutant was isolated in the cell wall
mutant background dw15.1; however, strains with cell
walls (cw+) are more amenable to ultra-thin sectioning
for transmission electron microscopy (TEM) than are cw_
lines, such as dw15.1. Hence, we moved the tgd2 mutation into a cw+ line, by crossing it with wild-type strain
CC-198. For the TEM studies, the tgd2 mutant was compared with CC-198 to determine ultrastructural changes
caused by the tgd2 mutation at mid-log, stationary and
late stationary phases. In contrast to CC-198 (Figure
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Figure 3. Ultrastructural changes in the tgd2 mutant. Electron micrographs of the wild-type cw+ strain (CC-198) and tgd2 grown in N–replete medium are shown during mid-log phase (day 3), stationery phase (day 10) and late stationary phase (day 17). Black and white arrows
indicate lipid droplets and other organelles, respectively. Scale bars represent size, as indicated.
(a) Cells of CC-198 during mid-log growth with subcellular structures abbreviated: eyespot, E; Golgi apparatus, G; mitochondria, M; nucleus,
N; pyrenoid, P; and thylakoid membrane, T.
(b) Cells of CC-198 during stationery phase with starch granules (S).
(c) Cells of CC-198 during late stationary phase.
(d) Cells of tgd2 during mid-log phase.
(e) Cells of tgd2 during stationary phase.
(f) Cells of tgd2 during late stationary phase.
(g) Representative tgd2 cell during mid-log phase showing the thylakoid membrane (T), the chloroplast inner envelope membrane (iEM), the
chloroplast outer envelope membrane (oEM), mitochondria (M) and electron-dense lipid droplets (black arrows).
(h) Representative tgd2 cell during late stationary phase showing compromised membrane structures (white arrows).
(i) Population of tgd2 cells during late stationary phase showing dead and living cells.

3a–c), which contained lipid droplets during the late stationary phase (black arrows), tgd2 showed lipid droplets
at every time point (Figure 3d–f, black arrows). The tgd2
mutant had more lipid droplets, which grew larger in size
over time. These lipid droplets were observed in the cytoplasm of tgd2 also harboring mitochondria, and were
often adjacent to the chloroplast outer envelope membrane (Figure 3g). In addition, lipid droplets from the tgd2
mutant stained darker (Figure 3d–g compared with 3c,
black arrows), which is consistent with a higher desaturation level of TAGs as osmium tetroxide stains unsaturated

lipids more intensely. During the late stationary phase at
day 17, membranes of tgd2 became disorganized (Figure 3h, white arrows) compared with the PL and earlier
stages of tgd2 (Figure S3). About half of the population
appeared to be dead ghost cells, lighter in color and with
less distinct internal structures (Figure 3i). Although a cw+
complemented line was not available for this experiment,
these ultrastructural changes corroborate observations
made on the tgd2 mutant and complemented lines in the
dw15.1 background described above, and are likely to result from the ablation of the TGD2 gene.
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Molecular and genetic analyses of the tgd2 mutant
locus

PL (Figure S6b,c), this line was included in all subsequent
analyses, except where indicated otherwise, and is designated TGD2 tgd2.

The tgd2 mutant was generated by the random genomic
insertion of a plasmid carrying the Hygromycin B resistant
gene (Aph7). Southern-blot analyses of genomic DNA of
tgd2 cut with BamHI, and using a probe covering a region of Aph7 that does not contain the BamHI restriction
site, indicated the presence of a single insertion (Figure
S4). As a first step to identify the mutant locus, a genetic analysis was carried out to determine the linkage
of the primary lipid phenotype and the Hygromycin B resistance marker. For this purpose, as already mentioned
above, CC-198 was crossed with tgd2 in the dw15.1 background. The progenies of this cross were tested for TAG
content, TAG acyl profile and sensitivity to Hygromycin
B. Without exception, all Hygromycin B-resistant progenies tested (11 resistant and 12 susceptible progenies
from six zygotes) showed high TAG levels and TAGs with
highly unsaturated acyl groups (Figure S5a,b). This result suggested close linkage of the Hygromycin B-resistant marker and the mutation that caused the TAG phenotype of the tgd2 mutant.
As PCR-based methods were not successful in identifying DNA sequences flanking the Hygromycin B marker,
whole-genome resequencing was used to determine the
location of the mutation responsible for the primary phenotype in the genome of the tgd2 mutant. Towards this
end, genomic DNA of the tgd2 mutant was subjected to
Illumina-HiSeq paired-end sequencing. The reads were de
novo assembled with velvet 1.2.07 (Zerbino and Birney,
2008) using a k-mer length of 21. Contigs containing Aph7
were searched against the Chlamydomonas reference genome (v5.3) to identify flanking sequences, revealing a
possible insertion site in chromosome 16. When the respective section of the reference genome of chromosome
16 was used as a template for the assembled contigs from
the tgd2 genome, a 31–kb deletion in chromosome 16 of
tgd2 became apparent. This deletion, which was confirmed
by PCR probing, affected six genes either fully or partially,
as shown in Figure S6a.
We introduced into tgd2 genomic DNA fragments containing each affected gene (from approximately 1 kb 50
of the start codon to about 0.5 kb 30 of the stop codon)
derived from a bacterial artificial chromosome covering
the region. Each genomic DNA fragment was co-introduced into tgd2 along with a linearized Paromomycin resistance gene (Aph8), which was under selection. Of the six
genes disrupted or missing from the tgd2 genome, only
the introduction of CrTGD2 was able to restore TAG content, TAG acyl group profile, cell viability and PtdOH content close to PL levels (Figure S6). Therefore, the deletion
of TGD2 is the cause of at least four phenotypes of the
tgd2 mutant discussed. Because the phenotype of complemented line C3 was nearly fully restored to that of the

CrTGD2 is a presumed ortholog of AtTGD2
The translated sequence of the Chlamydomonas CrTGD2
gene has 40% amino acid identity with the Arabidopsis
protein AtTGD2. Both are similar to substrate binding protein components of bacterial ABC transporters (Casali and
Riley, 2007). Both also contain a mammalian cell entry
(MCE) domain (Figure S7), which, in the respective Mycobacterium tuberculosis protein for which this domain was
named, is required for pathogenesis. In addition phylogenetic analyses of the MCE domain of predicted CrTGD2 orthologs across plants, green algae and bacteria revealed
that CrTGD2 falls into the same clade as the respective
plant proteins, and is divergent from bacterial orthologs
(for the alignment, see Figure S8 and Appendix S1). Using TMHMM (Krogh et al., 2001), CrTGD2 is predicted to
contain one transmembrane domain (Figure S7), similar
to the Arabidopsis ortholog AtTGD2 (Awai et al., 2006).
Based on these similarities, we hypothesized that CrTGD2
may have similar functions as AtTGD2 and, hence, those
two proteins may be true orthologs. To more directly test
their functional equivalence, we introduced: (i) codon-optimized Arabidopsis TGD2 into the Chlamydomonas tgd2
mutant; and (ii) Chlamydomonas TGD2 into the Arabidopsis tgd2–1 mutant. Despite the presence of the recombinant proteins, however, lipid phenotypes were not restored (Figures S9 and S10). Thus, the two TGD2 proteins
seem to be sufficiently divergent to not substitute for each
other in a heterologous protein complex.
Altered galactoglycerolipid labeling and impaired
ER-toplastid lipid trafficking in tgd2
Pulse-chase analyses provides a proven in vivo method to
examine general substrate–product relationships in metabolic pathways, and lipid trafficking in plants in particular, and it was used in the original analyses of the tgd1–1
mutant of Arabidopsis, (e.g. Xu et al., 2003). Here, we carried out pulse-chase labeling experiments with [14C]acetate using mid-log phase cultures of the PL, tgd2 and
TGD2 tgd2. The cells were incubated in the presence of labeled substrate until 20–40% incorporation of label was
observed before the labeled medium was replaced for the
chase. Total lipids were extracted at different times during the chase phase, and individual lipids were separated
by thin-layer chromatography followed by liquid scintillation counting to determine the fraction of incorporation
of radiolabel into all lipids analyzed. Multiple individual
repetitions of this experiment were carried out and all of
these replicates showed similar trends, but the absolute
values differed, making it difficult to average results from
the different experiments. Therefore, a representative experiment is shown in Figure 4.
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Figure 4. [14C]Acetate pulse-chase labeling of parental line (PL;
dw15.1), tgd2 mutant and TGD2 tgd2 complemented line. Cells were
labeled with [14C]acetate until 20–40% of the label was incorporated
(pulse). The chase shown here beginning at time 0 (h) was initiated
by changing to unlabeled medium. The fraction of label found in
each lipid (%) relative to the total label incorporated in the lipid fraction is shown during the 24–h chase time course. Abbreviations of
the lipids are as defined in the legend to Figure 1. Results from one
representative experiment of four are shown.

The most noticeable differences in labeling between
the different cell lines were observed for MGDG and
DGDG. MGDG in tgd2 was labeled to much higher levels, with a subsequent rapid decrease in label during the
chase phase (Figure 4, top panels). In contrast, MGDG labeling in PL and in the TGD2 tgd2 line was lower, and less
of a decrease in label was observed during the chase. As
the bulk steady-state levels of MGDG in tgd2 did not significantly change compared with the PL (Figure 1b), the
result suggests that MGDG was more rapidly synthesized
and metabolized in tgd2. As DGDG is derived from MGDG,
one would expect that its labeling would follow that of
MGDG, at least in the initial chase phase (within the first
5 h), and that label would appear to move from MGDG to
DGDG, as was the case for the PL and TGD2 tgd2 during
the first 5 h of the chase. DGDG labeling was severely delayed and not as high in tgd2 (Figure 4, top panels), however, suggesting a disruption in the conversion of MGDG
to DGDG in tgd2 or the activation of pathways competing
for MGDG as a substrate.
The detailed shape of the time course for MGDG labeling was also different in the mutant. In the PL and TGD2
tgd2 lines the MGDG labeling time course showed a “dip”
and rebound during the first 5 h of the initial stage of the
chase, but in the tgd2 mutant, MGDG labeling declined

1011

steadily (Figure 4, top panel). This result was not a chance
observation of this particular experiment, because independent repeats showed this phenomenon reproducibly
(Figure S11). The equivalent experiment with wild-type
Arabidopsis leaves shows a comparable MGDG labeling
time course, which is interpreted as an initial rapid labeling of MGDG by the chloroplast pathway, followed by label dilution during the initial chase phase decreasing the
label, followed by a gradual increase in the labeling of
MGDG over time as lipids move back from the ER as part
of the ER pathway of galactoglycerolipid biosynthesis (Xu
et al., 2003). In the Arabidopsis tgd1–1 mutant MGDG labeling is also very high and steadily declines during the
chase phase, interpreted as a reduction in lipid species
returning from the ER to the chloroplast. The observation of the typical ‘dip’ in MGDG labeling in the Chlamydomonas PL is currently the most direct indicator for ERto-chloroplast lipid trafficking in this alga. The lack of the
“dip” in the tgd2 mutant suggests that TGD2 is involved
in this process.
Altered labeling of non-galactoglycerolipids in tgd2
In addition to the differences in MGDG and DGDG labeling, the labeling time course of the betaine lipid diacylglyceryltrimethylhomoserine (DGTS) and PtdGro also
showed changes in the tgd2 mutant. In contrast to the
PL, DGTS labeling during the chase in tgd2 started at a
lower level and continued to increase without leveling off
(Figure 4, middle panels). This result would be consistent
with a decreased rate of precursor conversion into DGTS
in the tgd2 mutant. Less label was also found in PtdGro
in tgd2 (Figure 4, top panels), although the shape of the
labeling time course looked similar to that of the PL and
the TGD2 tgd2 complemented line. It should be noted that
DGTS and PtdGro steady-state levels were not altered in
the mutant (Figure 1b). Therefore the relative rate of synthesis of these two lipids was decreased (or the turnover
was increased) compared with that of MGDG in tgd2. Although incorporation of label into the TAG fraction in the
PL and the complemented line TGD2 tgd2 was minimal,
label in TAG of the tgd2 mutant steadily increased during the chase phase, in parallel with a decrease of label in
MGDG (Figure 4, lower panel). Given also the observation
that MGDG-specific acyl groups were found in TAG under steady-state conditions in tgd2 (Figure 1a,b,d,e), the
labeling result was consistent with a conversion of mature
MGDG to TAG in the tgd2 mutant. The labeling of other
lipids did not show much difference in the tgd2 mutant
(Figure 4).
Biosynthesis of MGDG is increased in the tgd2
mutant
The increase in acetate labeling of MGDG prompted us
to investigate MGDG synthesis directly by using a more

1012

Warakanont et al. in The Plant Journal 84 (2015)

Figure 5. Galactoglycerolipid synthesis of parental line (PL; dw15.1) and tgd2 chloroplasts.
(a) Incorporation of UDP-[14C]galactose into monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) of PL and tgd2
chloroplasts. All samples were either not treated with protease (–) or treated (+) with Thermolysin (T–lysin), as indicated.
(b) Ratio of labeled DGDG/labeled MGDG from non-protease treated chloroplasts for the PL and the tgd2 mutant. In each case nine replicates from different experiments were statistically analyzed for each treatment, and the results displayed as box plots (solid for PL, open
for tgd2). A central square within each box plot represents the mean; the line represents the median.
* Extreme values. Statistical tests of different means were performed using a paired-sample Student’s t–test (P ≤ 0.05). The following pairs
indicated by numbers were significantly different: 1, MGDG PL (–) was significantly higher than MGDG PL (+); 2, MGDG PL (–) was significantly lower than MGDG tgd2 (–); 3, MGDG tgd2 (–) was significantly higher than MGDG tgd2 (+); 4, DGDG PL (–) was significantly higher
than DGDG PL (+). 5, DGDG/MGDG PL was significantly higher than DGDG/MGDG tgd2.

specific substrate, UDP-galactose. Intact chloroplasts from
PL and tgd2 were fed with 300 mCi mmol–1 UDP-[14C]galactose. Total lipids were extracted, and incorporation
of labeled galactose into MGDG and DGDG was monitored and normalized based on an equal number of chloroplasts. We observed higher levels of labeled MGDG and
DGDG in chloroplasts from tgd2 than from the PL (Figure
5a), consistent with a higher galactolipid synthesis activity in the tgd2 mutant. It is important to note that MGDG
is synthesized by the addition of one galactose from UDPgalactose to DAG, and that DGDG is synthesized by the
transfer of one galactose from UDP-galactose to MGDG.
Thus, in the case of DGDG, four different molecular species can be obtained during this experiment, depending
on whether only the distal or the proximal galactose, or
both, or none of the galactoses are labeled. This makes it
challenging to directly determine the MGDG–DGDG precursor product relationship. In order to compare rates of
conversion of MGDG to DGDG, however, ratios of labeled
DGDG/labeled MGDG were calculated. This ratio is significantly lower in tgd2 (Figure 5b), which indicates a lower
rate of conversion of MGDG to DGDG in tgd2.
In Arabidopsis, MGDG synthases can be localized in either of the two chloroplast envelope membranes (Awai et
al., 2001), but the bulk of MGDG synthesis involves MGD1
at the inner envelope membrane (Jarvis et al., 2000). To
test whether the observed MGDG synthase activity of isolated chloroplasts might be associated with the outer envelope membrane in Chlamydomonas, we treated the

chloroplasts with Thermolysin, a large protease that cannot penetrate the outer envelope membrane (see also below). As shown in Figure 5a, MGDG and DGDG syntheses
were sensitive to Thermolysin, suggesting that both the
MGDG and the DGDG synthases are located in the outer
envelope membrane in Chlamydomonas.
CrTGD2 is present in the inner chloroplast envelope
membrane
Based on amino acid sequence analyses with different
online prediction tools, including PredAlgo (Tardif et al.,
2012), the location of CrTGD2 was initially ambiguous, but
likely in the chloroplast. Fractions containing chloroplasts,
mitochondria and microsomal membranes were isolated
from whole-cell lysates and CrTGD2 was detected using
immunoblotting with antiserum raised against the recombinant protein. Antisera against marker proteins for each
cell compartment were also tested. Whole-cell lysate of
the tgd2 mutant lacking CrTGD2 was used as a negative
control to confirm the presence of the CrTGD2 signal in
the PL extracts. As shown in Figure 6a, each subfraction
was enriched with its respective marker protein, whereas
CrTGD2 was clearly detected in the chloroplast fraction
and whole-cell lysate. This suggests that CrTGD2 is localized in the chloroplast.
Because CrTGD2 was predicted to contain one transmembrane domain (Figure S7), a protease protection assay was carried out to determine the possible insertion of
CrTGD2 into one of the chloroplast envelope membranes.
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Figure 6. Localization of CrTGD2.
(a) Subcellular fractions of the parental line (PL; dw15.1) were compared with whole cell lysates of tgd2. Fractions of the PL were as
follows: whole-cell lysate, wcl; chloroplasts, Chl; mitochondria,
Mit; and microsomal membrane, mm. A Western blot is shown.
Total protein of each fraction was used to detect: Tic40, a chloroplast marker (Chl); cytochrome c (Cyt C); a mitochondrial marker
(Mit); BIP, an endoplasmic reticulum (ER) marker; and CrTGD2, using the respective antisera.
(b) Protease treatment of PL chloroplasts to determine the envelope
membrane association of TGD2. Chloroplasts were treated with
various concentrations of Thermolysin or Trypsin, as indicated. A
Western blot is shown detecting Toc34, a chloroplast outer envelope membrane (oEM) marker, ARC6, a chloroplast inner envelope membrane marker facing the intermembrane space (iEMint), Tic40, a chloroplast inner envelope membrane marker facing
the stroma (iEM-str), and CrTGD2.

This assay takes advantage of the size difference between
Thermolysin and Trypsin (Cline et al., 1984). In general,
Thermolysin is too big to penetrate the outer envelope
membrane of the chloroplast. In contrast, Trypsin is sufficiently small to gain access to the intermembrane space
and proteins in the inner envelope membrane. Different
concentrations of either Thermolysin or Trypsin were used
to treat isolated intact chloroplasts of the PL. Antisera
against three markers for specific compartments were:
anti-Toc34, detecting an outer envelope membrane protein; anti-ARC6, detecting an inner envelope membrane
protein facing the intermembrane space; and anti-Tic40,
detecting an inner envelope membrane protein facing the
stroma. As a result of Thermolysin treatment at increasing concentrations, Toc34 decreased in abundance, as predicted for an outer envelope membrane protein, but the
other markers and CrTGD2 did not (Figure 6b, left panel).
Following treatment with Trypsin, all proteins were susceptible at increasing concentrations of the protease (Figure
6b, right panel). This result suggests that CrTGD2 is localized in the inner envelope membrane, as was previously
observed for the AtTGD2 ortholog (Awai et al., 2006).
CrTGD2 binds PtdOH in vitro
The Arabidopsis ortholog AtTGD2 binds PtdOH in vitro
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Figure 7. Lipid binding assay. Liposomes made from different lipids, as indicated (see the legend to Figure 1 for lipid abbreviations),
were incubated with DsRED-TGD2 recombinant proteins from Arabidopsis (a) or Chlamydomonas (b). Proteins associated with the
liposomes were detected by Western blotting using a His-tag antibody. Each reaction contained DsRED protein as an internal negative control. A control lane containing 10% of the proteins without
liposomes used in each assay is shown in the middle of each blot.

(Awai et al., 2006; Lu and Benning, 2009). Therefore, a liposome binding assay was used to test for lipid binding by CrTGD2. As performed for AtTDG2, a recombinant
CrTGD2 protein truncated from the N terminus to just beyond the membrane-spanning domain was fused to the
C terminus of DsRED to improve solubility (Lu and Benning, 2009), and was produced in E. coli. This fusion protein also contained a His-tag at its C terminus and was
designated DsRED-CrTGD2-His-tag. In parallel, DsREDAtTGD2-His-tag was used as a positive control. As an internal negative control, DsRED by itself, which does not
bind lipids, was included with the samples. Both AtTGD2
and CrTGD2 showed the strongest binding to PtdOH of
all lipids tested (Figure 7a,b). The double band is the result of an internal autocatalytic cleavage of DsRED, as previously reported (Gross et al., 2000).
DISCUSSION
Lipid metabolism of Chlamydomonas was thought to differ from that of Arabidopsis in at least three aspects: (i)
Chlamydomonas does not synthesize PtdCho; (ii) Chlamydomonas has the betaine lipid DGTS; and (iii) Chlamydomonas is not thought to use the ER pathway for precursors of thylakoid lipid assembly (Giroud and Eichenberger,
1988). In fact, because the lipid precursor transported
from the ER to the chloroplast is still unknown (Hurlock
et al., 2014), but might involve PtdCho, these three differences could be related. The genome of Chlamydomonas encodes TGD1, 2, and 3 proteins, however, which
have been shown to be involved in lipid trafficking from
the ER to the chloroplasts in Arabidopsis (Benning, 2009;
Hurlock et al., 2014). Thus, if Chlamydomonas were truly
lacking ER-to-plastid lipid transport, the presence of
these proteins in Chlamydomonas presents an interesting conundrum.
The analyses of the tgd mutants of Arabidopsis is complicated by the fact that the loss of function of TGD genes
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is embryo-lethal, and that in the available leaky mutants a
galactoglycerolipid-synthesizing enzyme, SFR2, is induced.
Its activity leads to the formation of di- and higher order
oligogalactoglycerolipids from MGDG. Therefore, the absence of SFR2 activity from Chlamydomonas allows us to
reevaluate more directly the function of TGD proteins in
the biosynthesis of the thylakoid lipids MGDG and DGDG
in this organism, without having to consider the competing SFR2-based pathway present in Arabidopsis. Thus,
studying the role of TGD2 in Chlamydomonas with a lossoffunction tgd2 mutant that is not lethal, but has a rapid
senescence phenotype, provides a unique opportunity to
more fully understand the role(s) of TGD proteins in the
chloroplast envelope membranes. Moreover, only single
genes for MGDG and DGDG synthases, respectively, are
present in the Chlamydomonas genome, further simplifying the analyses of its galactoglycerolipid metabolism.
One caveat is that we do not yet know the exact location
of the two galactoglycerolipid synthases in Chlamydomonas, but our analyses, based on the sensitivity to Thermolysin of the two activities in isolated chloroplasts (Figure
5a), suggests that they are both associated with the outer
envelope membrane. In Arabidopsis, the main MGDG synthase activity encoded by MGD1 is associated with the inner envelope membrane facing the intermembrane space,
whereas the DGDG synthase, encoded by DGD1, is associated with the outer envelope membrane facing the cytosol (Benning and Ohta, 2005). Additional MGDG synthases
MGD2 and MGD3 are present in the outer envelope membrane in Arabidopsis, but are thought to be conditionally involved in the synthesis of galactoglycerolipids during phosphate starvation or in specific tissues (Kobayashi
et al., 2009). How the products of the two enzymes move
between the envelope membranes in Arabidopsis or any
other organism is currently unknown.

rapid labeling of DGDG presumably formed by the galactosylation of MGDG. In fact, this result would be consistent with an impairment in the conversion of MGDG into
DGDG in the tgd2 mutant. Similarly, UDP-galactose labeling of isolated chloroplasts showed a decrease in the
conversion of MGDG into DGDG in the tgd2 mutant, as
the ratio of labeled DGDG to MGDG strongly decreased
(Figure 5b). It should be noted that in this assay DGDG
is more highly labeled than MGDG, which is opposite to
what is observed with isolated Arabidopsis chloroplasts
(Xu et al., 2005). One reason could be that in Chlamydomonas substrate channeling occurs between the MGDG
and DGDG synthases, which is decreased in the tgd2 mutant, indicated by the strongly decreased ratio of labeled
DGDG to MGDG. Another reason might be the absence
of SFR2 from Chlamydomonas, such that there is no further redistribution of label from MGDG into higher order
galactoglycerolipids.
The ways in which TGD2 might be affecting galactoglycerolipid metabolism in Chlamydomonas are outlined
in Figure 8. Formally based on the labeling data alone,
TGD2 could provide MGDG substrate to the DGDG synthase; however, TGD2 is probably a component of a lipid
transporter shuttling lipids between the outer and the inner envelope membranes, whereas the two galactoglycerolipid synthases appear to be both localized in the outer
envelope membrane in Chlamydomonas. Because we do
not know the lipid substrate of this transporter, it might
well be that the TGD1, 2, 3 complex transfers galactoglycerolipids from the outer to the inner envelope membrane.
An alternative possibility is that TGD2 as proposed for Arabidopsis is involved in transferring PtdOH from the outer
to the inner envelope membrane. After all, it is similar to
substrate binding proteins associated with ABC transporters, and binds primarily to PtdOH, just like the TGD2 ortholog from Arabidopsis (Figure 7). Its absence could lead
to an increase in PtdOH in the outer envelope membrane.
We indeed observed an increase in cellular PtdOH content
in the tgd2 mutant (Figure 1b), although we could not determine the membrane association of this additional PtdOH. As is known for the Arabidopsis MGDG synthase
(Dubots et al., 2010), if associated with the outer envelope
membrane, this increased PtdOH content could stimulate
MGDG synthase activity, leading to increased MGDG biosynthesis, as observed in the tgd2 mutant (Figure 8). In
fact, there is some similarity with the labeling results obtained for Arabidopsis tgd mutants (Xu et al., 2003, 2005).
First, Arabidopsis tgd1–1 showed initially a strongly increased incorporation of label into MGDG during acetate
pulse-chase labeling (Xu et al., 2003). Second, differences
in the labeling of MGDG and DGDG are also increased in
the Arabidopsis tgd1–1 mutant (Xu et al., 2003). Thirdly,
during UDP-galactose labeling of isolated chloroplasts,
MGD1 activity of tgd1–1 was increased whereas DGDG

Galactoglycerolipid metabolism is altered in tgd2
A first indication that MGDG synthesis and turnover are
affected in the tgd2 mutant arises from the fact that tgd2
accumulates TAG with 16:4 and 18:3 acyl groups, typically
found only in MGDG (Figure 1d,e). Moreover, osmium tetroxide-stained lipid droplets of tgd2 (Figure 3d–f) appeared darker compared with those of the PL (Figure 3c),
consistent with an increased desaturation of acyl groups
associated with lipid droplets (Bahr, 1954; Korn, 1967).
Second, altered MGDG metabolism in the tgd2 mutant became obvious during acetate pulse-chase labeling studies. While the steady-state bulk levels of MGDG
and DGDG in tgd2 were similar to those of the PL (Figure
1b), acetatelabeling experiments and subsequently direct
measurements of MGDG synthase activity in isolated chloroplasts showed that MGDG is more actively synthesized
in tgd2 (Figures 4 and 5a). Interestingly, this higher level
of MGDG labeling did not translate into higher or more
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Figure 8. Proposed model of CrTGD2 function. Different steps (as numbered in solid circles) involved in galactoglycerolipid synthesis are
shown in the parental line (PL, left panel) and in the tgd2 mutant (right panel). Lipid molecular species symbols are explained in a box below
the scheme. Fatty acid synthesis (FAS) takes place in the chloroplast generating acyl groups bound to acyl carrier protein (acyl-ACP) used
for the synthesis of chloroplast-derived phosphatidic acid (Chl-PtdOH) (1). Free fatty acids (FFA) are also exported to the endoplasmic reticulum (ER) and activated to acyl-CoAs for the synthesis of ER-derived PtdOH (ER-PtdOH), which is then returned to the chloroplast outer
envelope membrane (oEM) (2). It is postulated that the two PtdOHs derived from the two different pathways in Chlamydomonas cannot be
distinguished, unlike those produced in plants. TGD2 situated in the chloroplast inner envelope membrane (iEM) transports ER-PtdOH from
the oEM to the stroma side of the iEM (Loria et al., 1999). PtdOH from both sources can give rise to diacylglycerol (4). On the oEM, PtdOH
stimulates MGDG synthase (MGD) (5) to produce MGDG from diacylglycerol and UDP-galactose (6). This newly synthesized MGDG composed of 18:1 and 16:0 acyl chains is a common substrate for three reactions. First, desaturation by MGDG-specific desaturases (7) produces
mature MGDG with 18:3 and 16:4 acyl chains. Second, DGDG synthesis (8) yields newly synthesized DGDG with 18:1 and 16:0 acyl chains,
which then undergoes desaturation (9), resulting in mature DGDG with mainly 18:3 and 16:0 acyl chains. Third, under N deprivation (Villena
et al., 2004), newly synthesized MGDG is degraded (10) by the action of PLASTID GALACTOGLYCEROLIPID DEGRADATION 1 (PGD1). Fatty
acids derived from PGD1 degradation are then used for the synthesis of triacylglycerol (11) containing 18:1 and 16:0 acyl chains, which is
stored in lipid droplets (LD).
In the tgd2 mutant lacking TGD2, ER-PtdOH accumulates in the oEM and hyper-stimulates MGDG synthase (5), indicated by the star. This results in higher MGDG synthesis (6), indicated with thick arrows. Note that MGDG in the tgd2 mutant is primarily synthesized from Chl-PtdOH.
Under normal growth conditions, the desaturation of MGDG is more efficient than the degradation by PGD1 or synthesis of DGDG leading to
an increased formation of mature MGDG. To avoid an accumulation of mature MGDG it is then degraded by galactolipase(s) (12), yielding 16:4
and 18:3 fatty acids or diacylglycerol with these two acyl groups. These lipid precursors are exported to the cytosol to give rise to triacylglycerol
unique to the tgd2 mutant (13). The additional MGDG molecules produced, or fatty acids derived from them, can also be substrates for lipid
peroxidation (14), resulting in the accumulation of reactive oxygen species (ROS), presumably causing the lower viability of the tgd2 mutant.

labeling did not increase (Xu et al., 2005). Thus, the disruption of the TGD complex in both organisms seems to
stimulate MGDG synthesis without stimulating DGDG synthesis, and formally could appear as a disruption in the
transfer of precursors to the DGDG synthase in labeling
experiments.
What happens to MGDG as it is metabolized in the
tgd2 mutant?
It is critical for the cell to maintain a set ratio of the nonbilayer forming lipid, MGDG, and the bilayer forming lipid,

DGDG, in its photosynthetic membrane (D€ormann and
Benning, 2002). Because MGDG synthesis is increased over
that of DGDG in the tgd2 mutant, to maintain lipid homeostasis and prevent an accumulation of bulk MGDG,
its turnover rate must also be increased, as suggested by
the acetate pulse-chase labeling experiment (Figure 4). As
acyl groups normally specifically found in MGDG of the
PL are present in TAG accumulating in the tgd2 mutant
(Figure 1d,e), it appears that some of the DAG moieties
of MGDG or its acyl groups are converted to TAG, and
are sequestered in lipid droplets (Figure 3d–f). In plants,
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MGDG can be hydrolyzed, and its DAG or acyl groups are
converted to TAG stored in plastoglobuli inside the plastid during photosynthetic stress (Youssef et al., 2010), or
during leaf senescence (Kaup et al., 2002). Thus lipid droplets may serve as a buffer for storing otherwise toxic acyl
groups derived from membrane lipids. In addition, TAG
synthesis in Chlamydomonas may involve the release of
acyl groups from newly formed MGDG by the activity of
the lipase PGD1 (Figure 8), as has been shown to occur
during N deprivation (Li et al., 2012).
In the case of the tgd2 mutant of Chlamydomonas, lipid
droplets were observed in the cytosol in contact with the
outer envelope membrane of the chloroplast (Figure 3g).
This observation supports the hypothesis that Chlamydomonas can synthesize TAG in chloroplast membranes (Fan
et al., 2011; Liu and Benning, 2013). The Arabidopsis tgd
mutants, e.g. tgd1–1, also accumulate TAG in the cytosol of leaves (Xu et al., 2005); however, the TAG accumulating in the Arabidopsis tgd1–1 mutant has an acyl profile more similar to that of PtdCho, but not MGDG, as in
the case of Chlamydomonas tgd2. It was concluded that
the accumulation of TAG in the tgd1–1 mutant was the
result of increased conversion of lipid precursors accumulating at the ER because of impaired ER to chloroplast
lipid trafficking. TAG accumulation in Arabidopsis tgd1–1
involves the conversion of PtdCho by phospholipid:DAG
acyltransferase (PDAT, Fan et al., 2013). In addition, studies on the Arabidopsis tgd1–1 sfr2 double mutant revealed
that the DAG moiety of TAG accumulating in the Arabidopsis tgd1–1 mutant is derived from DAG generated by
SFR2 activity (Fan et al., 2014). As Chlamydomonas lacks
SFR2 activity, however, the mechanism of TAG biosynthesis in the Chlamydomonas tgd2 mutant must be different.
It also seems likely that acyl groups derived from
MGDG undergo a different fate, as they can become oxidized, as seen in the higher level of malondialdehyde derived from fatty-acid peroxidation in the tgd2 mutant (Figure 2c). It is largely accepted that polyunsaturated fatty
acids are targets for oxidation by autooxidation or lipoxygenases (Feussner and Wasternack, 2002). Products of
lipid peroxidation are mainly aldehydes, which are toxic to
nucleic acids and proteins (Esterbauer et al., 1991). Thus, it
seems possible that the increased oxidization of MGDGderived acyl groups in tgd2 leads to the lower viability of
tgd2 in prolonged cultures (Figures 2a and 3i).

in MGDG labeling in the mutant as lipid precursors move
from the chloroplast to the ER, and then return) also indicates the lack of lipid transfer between the two compartments (Xu et al., 2003). A similar, albeit more subtle,
change in the labeling time course for MGDG was observed for the Chlamydomonas tgd2 mutant (Figure 4,
top panel, Figure S11). Thus these labeling data suggest
that lipid precursors could be transferred from the ER to
the chloroplast envelope membranes for the synthesis of
thylakoid lipids. If this conclusion is correct, the ER-located
lyso-PtdOH acyl transferase must have a different substrate specificity in Chlamydomonas compared with Arabidopsis to explain the absence of C18 fatty acids at the
sn–2 position of thylakoid lipids in Chlamydomonas. Thus,
a thorough analyses of the acyltransferases in Chlamydomonas will be required to ultimately solve this conundrum.
As in Arabidopsis, subcellular localization and protease protection assays suggest that CrTGD2 is localized in
the inner envelope membrane of the chloroplast (Figure
6a,b). Furthermore, similar to AtTGD2 (Awai et al., 2006;
Lu and Benning, 2009; Roston et al., 2011), in vitro lipid
binding assays showed that CrTGD2 binds primarily to
PtdOH (Figure 7a,b), which is a candidate for transferred
lipid species. Phylogenetic analyses showed that CrTGD2
is in the same clade as plant orthologs, but not bacterial
orthologs (Figure S8). However TGD2 proteins from either Arabidopsis or Chlamydomonas were not functional
in the opposite host in our hands, respectively (Figures S9
and S10), perhaps because both proteins are too divergent to function in a heterologous complex. Based on all
the other data presented here, however, it is likely that the
TGD2 protein of Chlamydomonas is also a component of
a lipid transporter, transferring lipid precursors between
the envelope membranes, as proposed for the homologous system in Arabidopsis. As TGD4 and TGD5 are seemingly absent from Chlamydomonas, however, it remains
to be seen what proteins might be involved in lipid transfer between the ER and the outer envelope membrane in
Chlamydomonas. Furthermore, because the actual lipid
species transported is not yet known, a possibility remains
that the TGD1, 2, 3 complex of Chlamydomonas also plays
a role in the transfer of the galactoglycerolipids synthesized at the chloroplast outer envelope membrane to the
inner envelope membrane in Chlamydomonas.

Does CrTGD2 play a role in the transfer of lipids
from the ER to the chloroplast?
In the Arabidopsis tgd1,2,3,4 mutants, an increase in the
ratio of C16/C18 acyl groups of thylakoid lipids indicates
a lack of lipid trafficking from the ER to the chloroplast
(Xu et al., 2003, 2008; Awai et al., 2006; Lu et al., 2007).
In addition, changes in acetate pulse-chase labeling of
MGDG in tgd1–1 seedlings (a lack of a transient decrease

EXPERIMENTAL PROCEDURES
Algal strains and growth conditions
Chlamydomonas reinhardtii cell wall-less strain dw15.1 (cw15, nit1,
mt+), provided by Arthur Grossman (Carnegie Institute for Science,
Department of Plant Biology, Stanford University), was used as
wild-type PL with regards to TGD2 to generate the tgd2 mutant. A
cell-walled strain CC-198 (er-u-37, str-u-2-60, mt_) obtained from
the Chlamydomonas Resource Center (http:// chlamycollection.
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org/) was used to generate tgd2 cell-walled progenies for linkage analyses and for TEM. Unless specified, the algal cultures
were grown in Tris-acetate-phosphate (TAP) medium (Gorman and
Levine, 1965). For all experiments except for chloroplast preparation, algal cultures were grown under continuous light at 80 μmol
m_2 sec_1 and at 22°C. The cell concentration was monitored with a
Z2 Coulter Counter (Beckman Coulter, http://www.beckmancoulter.com).

Generation of tgd2 mutant and genetic analyses
The tgd2 mutant was generated by insertional mutagenesis in the
same experiment as described previously for the cht7 mutant (Tsai
et al., 2014). The details of the genetic analyses are described in Appendix S2. Details about the bacterial artificial chromosomes used
for genetic complementation can be found in Table S1. Sequences
of primers used for testing genetic complementation are listed in
Table S2.

DNA isolation and Southern-blot analyses
DNA isolation was carried out as previously described by Keb- Llanes
et al. (2002), with some modifications, as detailed in Appendix S2.
Southern-blot analyses was performed with the same probe as described by Li et al. (2012).

Whole-genome resequencing
The genome of the tgd2 mutant was sequenced by Illumina Hi- Seq
using the paired-end method at the MSU-Research Technology Support Facility. Details of the analyses are described in Appendix S2.
The sequences of primers used for identifying the deletion can be
found in Table S2.

Lipid analyses
Total lipid was extracted as previously described by Bligh and Dyer
(1959), from pellets of either freshly harvested cultures or from pellets stored at –80°C. In general, pellets from 15 ml of algal culture
were resuspended in 3 ml of extraction solvent. The extracted lipids were dried under an N2 stream and stored at –20°C. Individual
lipids were separated on thin layer chromatography (TLC) plates
(TLC Silica gel 60; EMD Millipore, http:// www.emdmillipore.com).
For PtdOH separation, TLC plates treated with ammonium sulfate
(Benning and Somerville, 1992) were employed. Different solvents
were used for different lipid classes: for neutral lipids, petroleum
ether, diethyl ether and acetic acid (80 : 20 : 1, v/v); for polar lipids,
chloroform, methanol, acetic acid and water (75 : 13 : 9 : 3, v/v); for
PtdOH, chloroform, methanol and ammonium hydroxide (65 : 25 :
5, v/v); and for oligogalactolipids, chloroform, methanol, 0.9% sodium chloride and water (60 : 35 : 4 : 4, v/v). Lipids on TLC plates
were visualized by briefly staining with iodine vapor. Alternatively,
galactoglycerolipids were stained with a–naphthol as described by
Wang and Benning (2011). Lipids were isolated and processed for
the generation of fatty acid methyl esters (FAMEs), as described by
Benning and Somerville (1992). The quantification of FAMEs was
performed by gas liquid chromatography using an HP6890 instrument equipped with a DB-23 column (both Agilent Technologies,
http://www.agilent. com), with running conditions and temperature profile as described by Zäuner et al. (2012).

Viability assay
The PL (dw15.1), tgd2 mutant and TGD2 tgd2 complemented
line inoculated at 0.5 million cells ml–1 were grown in TAP medium. Cells were harvested at day 3, 7, 14, 21 and 28 for viability staining, lipid analyses and thiobarbituric acid-reactivesubstances (TBARS) assay. Viability staining was performed as
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described by Chang et al. (2005), with minor modifications. The
cell samples were mixed with an equal volume of staining solution (0.0252% methylene blue, 0.0252% phenosafranin and 5%
ethanol) and incubated for 5 min. The two dyes are excluded
from living cells, which remain green, whereas dead cells take
up the dye and are stained purple. The two cell types were
counted with a hemocytometer. For lipid analyses, cells were
harvested as described above, flash frozen in liquid N2, and
stored at –80°C for later lipid analyses (see above).

Lipid peroxidation was estimated with a TBARS assay. Two aliquots of 5–10 ml of algal culture were harvested by centrifugation as
described, and the algal pellets were resuspended in 1 ml of 20% trichloroacetic acid, with or without 0.5% thiobarbituric acid. The mixtures were heated at 95°C for 15 min. Absorbance was measured at
440, 532 and 600 nm. The concentration of malondialdehyde was
calculated as described by Hodges et al. (1999).

Transmission electron microscopy
Walled strains were fixed as previously described (Harris, 1989). Images were taken with a JEOL100 CXII instrument (Japan Electron Optics Laboratories, http://www.jeol.co.jp).

Phylogenetic analyses
The analyses was performed as detailed under Appendix S2.

Heterologous complementation analyses
The heterologous complementation analyses of the tgd2 mutant was
performed as described in detail in Appendix S2. Sequences of primers used for generating constructs are listed in Table S3.

[14C]Acetate pulse-chase labeling
The different lines were grown in 200 ml of TAP medium to midlog phase. After 10-fold concentration into 20 ml TAP medium, 10
μl of 1 mCi ml–1 [14C]sodium acetate (55 mCi mmol–1) was added to
the culture. The cultures were incubated at room temperature (22–
25°C) for 1–2 h until the incorporation of label reached 20–40%. To
initiate the chase, the cultures were centrifuged at 3000 g for 3 min.
The cell pellets were then resuspended in 200 ml of unlabeled TAP
medium, and the cultures were incubated at room temperature. At
given intervals, 20 ml of the cultures were harvested. Individual lipids were separated on TLC plates as described above. Silica powder containing each lipid was isolated from the TLC plates and subjected to liquid scintillation counting in 10 ml of complete counting
cocktail 4a20TM (Research Products International Corp., http://www.
rpicorp.com). Radioactivity was measured with a PerkinElmer Liquid
Scintillation Analyzer Tri-Carb 2800TR.

DsRED-CrTGD2 pLW01, DsRED-AtTGD2 pLW01 and
DsRED pLW01 constructs, recombinant protein expression and purification
Details of the construction of the plasmids and recombinant protein
production are as described in Appendix S2. Primers used in this experiment are listed in Table S3.

CrTGD2 antibody
The DsRED-CrTGD2 fusion protein was used as an antigen to raise
antiserum in rabbits (Cocalico Biologicals, http://www.cocalicobiologicals. com). The antigen was prepared with Freund’s adjuvant and
inoculated in rabbits with three additional boosts. Two test bleeds
were checked for immunoreaction against pre-bleed with Chlamydomonas PL and tgd2 mutant proteins. Final bleed antiserum was
used as primary antibody for the detection of immunoreactions.
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Immunoblotting

with the chloroplast isolation buffer. The supernatant from the 5000
g centrifugation was further centrifuged at 100,000 g for 90 min at
4°C. The pellet from this centrifugation was considered the microsomal membrane fraction. All fractions were processed by immunoblotting as described above.

Protein samples for the localization of CrTGD2 and for heterologous tgd2 complementation analyses were resuspended in protein
extraction buffer (0.1 m Tris-HCl, pH 6.8, 1% SDS, 15% glycerol and
5% β–mercaptoethanol). The mixtures were incubated at 95°C for 5
min. The protein was cooled down on ice and centrifuged at 20,000
g for 10 min at 4°C. Pellets were discarded. Protein concentrations
were determined with bovine serum albumin (BSA) as a standard,
according to the method described by Bradford (1976). In general,
the equivalent of 10 μg of protein (2 μg of chlorophyll for the experiments described in Figure 6b; 40 μg of protein for the experiments described in Figure S9b) were separated by SDS-PAGE. The
proteins were then transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were incubated in blocking solution for
30 min (5% non-fat dry milk in TBST buffer containing 20 mm TrisHCl, pH 7.5, 150 mm NaCl and 0.05% Tween 20, v/v). Following the
addition of primary antiserum in blocking solution, the membranes
were incubated at 4°C overnight. The membranes were washed six
times with TBST at 5–min intervals. Secondary antisera conjugated
with horseradish peroxidase were incubated with the membranes for
1–2 h at room temperature. The membranes were washed again as
described previously prior to the detection of immunoreaction with
ClarityTM Western ECL Substrate (BIO-RAD, http://www.biorad. com)
as the substrate, and using a ChemiDocTM MP Imaging System (BIORAD). Antibodies against CrTGD2, Tic40 (provided by John Froehlich,
Michigan State University), BIP (SC-33757 Santa Cruz Biotechnology,
Inc., http://www.scbt.com), cytochrome c (BD Pharmingen, http://
www.bdbiosciences.com), Toc34 (AS07 238, Agrisera, http://www.
agrisera.com), ARC6 (provided by Katherine W. Osteryoung, Michigan State University) and AtTGD2 (Awai et al., 2006) were used at
1 : 500, 1 : 2000, 1 : 1000, 1 : 250, 1 : 10 000, 1 : 2500 and 1 : 2000
dilutions, respectively. Secondary anti-rabbit antibodies were used
for each primary antibody, except for anti-cytochrome c, for which
an anti-mouse antibody (Sigma-Aldrich, http://www.sigmaaldrich.
com) was used.
In the case of the lipid binding assay described below, the protein
samples were resuspended in 29 SDS sample buffer (0.12 m Tris-HCl,
pH 6.8, 4% SDS, 20% glycerol, 10% β–mercaptoethanol and 0.05%
bromophenol blue) and processed as described above. The protein samples were separated by SDS-PAGE and transferred to PVDF
membranes. These membranes were processed in the same manner as described above. Primary and secondary antibodies were the
His-tag antibody (GenScript, http://www. genscript.com) and antimouse conjugated with horseradish peroxidase, respectively. The
immunoreaction was detected as described above.

Subcellular fractionation
Chlamydomonas PL dw15.1 was grown under 12–h light and 12–h
dark cycles to mid-log phase. A 500-ml culture was harvested by
centrifugation at 3000 g for 10 min at 4°C. Isolation of chloroplast,
mitochondrial and microsomal membranes was based on a procedure described in Klein et al. (1983), with modifications. In brief, cells
were broken by digitonin. The pellet from centrifugation at 800 g
was considered the chloroplast fraction. The chloroplasts were further purified on a 20–40–65% Percoll step gradient made with isotonic solution. Intact chloroplasts were obtained at the transition between 40 and 65% Percoll layers, following centrifugation at 4000 g
for 15 min at 4°C. The supernatant of centrifugation at 800 g contained mitochondria and microsomal membranes. This supernatant
was centrifuged at 5000 g for 10 min at 4°C. The pellet from this
centrifugation contained a mitochondrial crude fraction that was
further purified, as previously described in Eriksson et al. (1995) using a 20% Percoll gradient made from isotonic solution compatible

Protease protection assay
Isolated chloroplasts were treated with Thermolysin or Trypsin. For
Thermolysin treatment, 50 μg ml–1 chlorophyll equivalents were incubated with 0–200 μg ml–1 Thermolysin in buffer containing 20 mm
Tricine-NaOH, pH 7.7, 150 mm mannitol, 1 mm MgCl2, 1 mm MnCl2, 2
mm EDTA and 0.5 mm CaCl2. The treatment was carried out on ice for
15 min. The reaction was stopped with the above buffer by adding
10 mM EDTA. The treated chloroplasts were overlaid on a 40% Percoll gradient made from treatment buffer with the addition of 5 mm
EDTA. The chloroplasts were centrifuged at 1500 g for 5 min. The pellet was washed with treatment buffer containing 5 mm EDTA. Trypsin
treatment was carried out in a similar manner with a few modifications. The Trypsin treatment buffer was the same as the Thermolysin buffer without 0.5 mm CaCl2. The reaction was stopped with buffer containing 200 μg ml–1 Trypsin inhibitor. Instead of 5 mm EDTA in
the 40% Percoll gradient and in the wash buffer, 100 μg ml–1 Trypsin
inhibitor was added. Protease-treated chloroplasts were processed
for immunoblotting as described above, or were assayed for MGDG
synthase activity.

MGDG synthase assay
Intact chloroplasts either treated with 100 μg ml–1 Thermolysin or
left untreated, as described above, were resuspended at 125 μg
chlorophyll equivalent in 100 μl of assay buffer containing 20 mm
Tricine-NaOH, pH 7.7, 150 mm mannitol, 5 mm MgCl2 and 2.5 mm
EDTA. The reaction was started by adding 0.3 μCi of UDP-[14C] galactose (300 mCi mmol–1), and then incubated at room temperature
under light for 2 min. Lipid was extracted as a means to stop the reaction. MGDG and DGDG were separated by TLC, and radioactive
lipids were analyzed as described above.

Lipid binding assay
Liposomes consisting of different test lipids were prepared with dioleoyl PtdCho at a 40 : 60% molar ratio. The mixtures of tested lipid
and PtdCho were dried under a stream of N2. Dried lipids were resuspended in 200 μl of TBS (50 mm Tris-HCl, pH 7.0, and 0.1 m NaCl).
The mixtures were incubated in a water bath at the highest lipid
transition temperature (37°C for dioleoyl lipids) for 1 h. The liposomes were washed once and resuspended in 95 μl of TBS; 5 μl of
3.7 μg DsRED-AtTGD2-6xHis and 2 μg of DsRED, or 3.6 μg of DsREDCrTGD2-6xHis and 2 μg DsRED were added to the liposomes. DsRED
served as an internal negative control. The mixtures were incubated
at room temperature for 30 min. Liposome– protein complexes were
recovered by centrifugation at 13 000 g for 10 min at 4°C. The pellets were washed twice in TBS. The liposome–protein pellets were
processed to detect the DsRED proteins by immunoblotting, as described above.
Accession numbers — Read sequences of the tgd2 mutant obtained
from whole-genome resequencing can be found in the Sequence Read
Archive of the National Center for Biotechnology Information under accession number SRP061379. Chlamydomonas TGD2 sequence accession number Cre16.g694400.t1.2 was obtained from the Joint Genome
Institute. Arabidopsis TGD2 sequence accession number AT3G20320 was
obtained from The Arabidopsis Information Resource (http://www.arabidopsis.org). The accession numbers used for the phylogenetic tree reconstruction are shown in Figure S8, following the species names.
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Figure S1. Separation of Phosphatidic acid (PtdOH) and oligogalactoglycerolipids by thin layer chromatography (TLC).
(a) Lipids from the PL (dw15.1), the tgd2 mutant, and the TGD2 tgd2 complemented line were separated by TLC
and stained with iodine vapor. PtdOH and phosphadidylinositol (PtdIns) standards were loaded on the left of the
plate to indicate positions of the lipids. Brackets indicate the areas from which silica containing PtdOH was isolated
and used for quantification of PtdOH by gas chromatography in Figure 1B. Note that the number of cells used
for lipid loading on each lane were not equal. (b) Lipids from the same cell lines as in (a) were separated by TLC
and stained with α-naphthol. A lipid extract from E. coli producing galactoglycerolipids was included as standard
(Std) containing MGDG, DGDG, trigalactosyldiacylglycerol (TGDG), tetragalactosyldiacylglycerol (TeGDG), and
pentagalactosyldiacylglycerol (PGDG).

Figure S2. Cell viability and acyl group composition of TAGs during extended culturing time.
(a) Numbers of living and dead cells of the PL (dw15.1), the tgd2 mutant, and the TGD2 tgd2 complemented line
kept in N-replete medium for 3, 7, 14, 21 and 28 days. The cells were stained with methylene blue and phenosafranin
to distinguish living and dead cells. Cells were counted with a hemocytometer. (b) TAG acyl group profile of the PL
(dw15.1), the tgd2 mutant, and the TGD2 tgd2 complemented line kept in N-replete medium for 3, 7, 14, 21 and 28
days. Three biological replicates were averaged and standard deviations are shown.
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Figure S3. Ultrastructure of chloroplast membranes
Electron micrographs of chloroplast membranes of the wild-type cw+ strain (CC-198) and tgd2 grown in N-replete
medium are shown during mid-log phase (day 3), stationery phase (day 10) and late stationary phase (day 17). (a)
Chloroplast membranes of a representative CC-198 cell during mid-log phase. (b) Chloroplast membranes of a
representative CC-198 cell during stationery phase. (c) Chloroplast membranes of a representative CC-198 cell during
late stationery phase. (d) Chloroplast membranes of a representative tgd2 during mid-log phase. (e) Chloroplast
membranes of a representative tgd2 cell during stationery phase. (f) Chloroplast membranes of a representative tgd2
cell during late stationery phase.

Figure S4. Southern blot analysis of the tgd2 mutant and the PL (dw15.1).
Genomic DNA was restriction digested with BamHI. Linearized pHyg3 plasmid was used
as a control. The probe was complementary to a fragment from the pHyg3 plasmid (see
Methods). A line between tgd2 and pHyg3 plasmid indicates different exposure times of
the same blot.
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Figure S5. Analysis of progeny from crosses between tgd2 and CC-198.
(a) TAG content of the PLs (dw15.1) and (CC-198), the original tgd2 mutant in the dw15.1 background, and progenies
from 6 zygotes with HS indicating Hygromycin B-sensitive and HR Hygromycin B-resistant progenies. (b) TAG acyl
group profiles of the same lines as described under (a).
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Figure S6. Mutant locus in the tgd2 genome and complementation.
(a) Alignment of tgd2 assembled contigs with chromosome 16 of the Chlamydomonas reference genome (v5.3). The
Aph7 gene insertion, affected genes and their annotation are shown. (b) Cellular TAG concentrations of parental line
(PL, dw15.1), tgd2 mutant, CrTGD2 complemented lines (C1-C3) and empty vector control (EV). (c) TAG acyl groups
(16:0, 16:4 and 18:3) of the same lines as described under (b). (b, c) Three replicates were averaged and standard
deviations are shown. (d) Cultures (30 day-old) of the PL (dw15.1), the tgd2 mutant and transgenic lines into which the
six deleted genes were individually introduced into the tgd2 mutant. Three independent lines per gene introduced are
shown. (e) Cellular PtdOH concentrations of the PL, the tgd2 mutant and CrTGD2 complemented lines (TGD2 tgd2, C3).
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Figure S7. Amino acid sequence alignment of AtTGD2 and CrTGD2.
The alignment shows transmembrane and Mammalian Cell Entry (MCE) domains. The alignment was carried out with
MUSCLE (3.8).
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Figure S8. Phylogenetic analysis of CrTGD2 homologues.
The evolutionary history was inferred based on Maximum Likelihood. The tree with the highest log likelihood
(-4302.1023) is shown. The percentage of trees in which the associated taxa clustered together (1000 repeats)
is shown above the branches. The tree is drawn to scale, with branch lengths corresponding to the number of
substitutions per site. The accession number for each protein is given in the parenthesis following the scientific name.
Accession numbers for Chlamydomonas, Arabidopsis and other organisms are from the Joint Genome Institute (JGI),
the Arabidopsis Information Resource (TAIR), and National Center for Biotechnology Information (NCBI), respectively.
Groups of organisms are shown as colored bars.

Warakanont et al., The Plant Cell 84 (2015): Chloroplast lipid — supplementary

7

Figure S9. Lack of Arabidopsis TGD2 complementation in Chlamydomonas tgd2 mutant.
(a) CrAtTGD2-pSI103 construct. Genomic DNA of Chlamydomonas TGD2 (CrTGD2) containing promoter region, intron,
transit peptide and transmembrane domain (TMD) was assembled with codon optimized Arabidopsis TGD2 (AtTGD2)
membrane extrinsic portion, followed by Chlamydomonas genomic DNA containing the terminator of CrTGD2.
The assembled sequence was cloned into pSI103-AphVIII containing the AphVIII Paromomycin resistance gene. (b)
Western blot analysis of CrAtTGD2 protein expression in the tgd2 mutant background (AtTGD2 tgd2). Arabidopsis
TGD2 recombinant protein (AtTGD2) was used as a positive control. White lines separate irrelevant lanes removed
from the blot. (c) TAG concentration (fmol/cell) of the PL, the tgd2 mutant, the empty vector control in tgd2 mutant
background (EV), and AtTGD2 tgd2 line 1-4.
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Figure S10. Lack of Chlamydomonas TGD2 complementation in Arabidopsis tgd2 mutant.
(a) AtCrTGD2-pMDC32 construct. Genomic DNA of Arabidopsis TGD2 (AtTGD2) containing transit peptide and
transmembrane domain (TMD) was assembled with Chlamydomonas TGD2 (CrTGD2) transmembrane extrinsic
portion. The assembled sequence was cloned into pMDC32 containing 2x35S promoter and nos terminator.
(b) Western blot analysis of AtCrTGD2 fusion protein expression in the Arabidopsis tgd2 mutant background
(AtCrTGD2 tgd2) line 2, 6, 10, 15 and 20 compared to Col-2, tgd2-1 and the AtTGD2 cDNA complemented line
(AtTGD2 tgd2-1). (c) TLC plate separating oligogalactoglycerolipids shows trigalactosyldiacylglycerol (TGDG)
and tetragalactosyldiacylglycerol (TeGDG) of Arabidopsis lines as shown in (b). (d) Acyl group composition of
monogalactosyldiacylglycerol (MGDG) of lines in (b). (e) Acyl group composition of digalactosyldiacylglycerol (DGDG)
of lines in (b).

Warakanont et al., The Plant Cell 84 (2015): Chloroplast lipid — supplementary

Figure S11. Pulse chase [14C]-acetate labeling of MGDG in the PL (dw15.1). Replicates from four independent
experiments during a 0-9 h chase are shown. The highest radioactivity incorporations were set as 1, while the lowest
were set as 0.
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Table S1. Bacterial Artificial Chromosomes (BACs) used in the tgd2 complementation analysis. Corresponding BAC identifiers from
the Joint Genome Institute (JGI) and from the Clemson University Genomics Institute (CUGI) are shown. Restriction endonucleases
used for isolating genomic DNA fragments containing individual genes and corresponding product sizes are shown. The amount of
genomic DNA and that of the Aph8 gene used for transformation as well as names of primers used for testing the insertion are listed.
The primer sequences are given in Table S2.

JGI number
PTQ2066

CUGI
number
6C14

Restriction
endonuclease
DraI and XhoI

Product
size (kb)
9.5

Amount of DNA used
DNA from BAC Aph8 from
(μg)
pSI103 (ng)
1.6
34.8

Cre16.g694500

PTQ2066

6C14

9.9

1.5

30.0

Cre16.g694450

PTQ12548

33H17

SnaBI, RsrII and
EcoRI
DraIII and KpnI

8.0

0.5

11.0

Cre16.g694400

PTQ12548

33H17

8.1

1.0

25.0

g15584

PTQ12548

33H17

7.5

1.0

25.0

g15585

PTQ12548

33H17

ApoI, MscI and
MluI
ApaI, Bsu36I and
SfiI
DraIII, ZraI and
NcoI

ch16-21, ch16-22, ch16-25
and ch16-26
ch16-29, ch16-32, TGD2_5’
and TGD2_3’
ch16-32 and ch16-33

6.5

0.5

25.0

ch16-37, ch16-38 and ch16-40

Phytozome,
(V5.3) Number
Cre16.g694550

1

Testing primers
ch16-1, ch16-4, ch16-8 and
ch16-14
ch16-16, ch16-20 and ch16-21

Table S2. Sequences of primers for probing the deletion in chromosome 16 of the tgd2 mutant.
Gene/
primer names

Forward primer sequence (5’-3’)

Reverse primer sequence (5’-3’)

Hygromycin
ch16-1
ch16-2
ch16-3
ch16-4
ch16-5
ch16-7
ch16-8
ch16-9
ch16-14
ch16-15
ch16-16
ch16-18
ch16-20
ch16-21
ch16-22
ch16-23
ch16-24
ch16-25
ch16-26
ch16-29
ch16-32
ch16-33
ch16-34
ch16-37
ch16-38
ch16-40

ACTTCGAGGTGTTCGAGGAGAC
GATTAACGGTGCCTGATG
CGACACATGGCGCTTGAT
CCGCACCTTGCCAATCT
ATAGCAGTCCTGCGAGTG
GCGTGCAACCAACTAGTA
ACACCTACCTGGAATTCG
GCACCTATCCGCACCTTATT
GCTGAGTATGCAGCTTCCA
GGCTCAGCTGTTCTTGTC
CGGCTGCTTAACTCGTTG
GTTGTAGCTCAGGCTGTA
GCTGCTGCTGCTACTTCT
GTGTCGTACGCCTCCTTGA
GTTACGCTCAGCTTGTCGTT
CGACCACGACTACCACTTA
GCAGCTGTTGCAGTTCCT
TAGCTCGTGCTCCAATCGT
CTCGCTGCCAAGTACCAT
GCGTTACCGCTGTGTAAGG
TCAAGCAGTGGTGGTAGTG
CCTTGCCGTCTCTGTTGTT
GGTGCCATGTGAGGAACGAT
GCATCGCATCGCATACAC
GTGGAGAACGGAGTGAGTA
CGCGTCCTGTCCTTAAGAT
GGCGTTGCCAACCTCTT

GCTGCAAGGCGATTAAGTTGGG
GGAACTAGCGTGATGATG
CGATTGGCCAGTATTCGT
AGCGATGGCCGATGTCA
ACGTGTGCTTGGTAATGG
CAACATCACCACCACAAC
CGTACACGCGCAATAA
TGTCCGGTGTTGTCAGTC
GTGCGAACCGTGAAGACA
CCATTGGTCACGTGTCTA
GCAGGTGGAGGTGTTCA
CTGGAGCGACTTCAACT
GCAGCATGTGTCGTTATCG
CAGCAGCCTCGGTTGACTA
AATGCTCATGCGGCCTTG
GCAGGAGGAGGTTGATGT
CGATTGGAGCACGAGCTA
TGTCGCATCGTGTCTTGA
GCGTCTGAGTCAGCTTGTAG
GCAGGCGGTTAAGCGAA
ACGGTGAAGTCCGTGAT
CAGTGCCTGGTACTTGCTA
AGGTGCGTCACCGACTTGT
CCAGGTCCTCACTCCACTT
GTGGACCGACATCGCATTA
TGCGGTAGGTGGCCTAATA
CTCCGCCTGCGATGTTA

1

Covered region on chromosome 16
From
N/A
230406
231416
232058
233056
234095
236170
237309
225080
238609
239168
240227
242251
244128
245224
246223
247377
248702
249183
250253
253446
256655
258158
259233
263345
264324
267314

To

N/A
231550
232578
233209
234297
235303
237339
238693
226389
239330
240594
241327
243390
245414
246297
247360
248719
249668
250444
251488
254368
257724
259348
260470
264599
265679
268421

Table S2. Sequences of primers for probing the deletion in chromosome 16 of the tgd2 mutant (continued)
Gene/
primer names

Forward primer sequence (5’-3’)

Reverse primer sequence (5’-3’)

ch16-43
ch16-44
ch16-45
ch16-46
ch16-47
ch16-48
ch16-49
TGD2_3'
TGD2_5'

CGCGCAGTATGTACGGTT
CGGCATTCGGCCTTACAAGA
GCGGCGGCTTATTATT
CGGCATTCGGCCTTACAAGA
CGACCACCGTCATATAGT
GGCATTCGGCCTTACAAGA
GCTGCCGTGGCTGAGTATT
CATGCCTGACGGTGAATCCT
GTGCCATGTGAGGAACGATT

CCATCAGGCACCGTTAATCC
TGCGGAGTGTGGACATAGTG
ACATGGCGGTCTATCT
ATGCGGCTTAGGCGGAATAC
CGGTAGTCAGCGCATTA
TGCTGTGCCAGTATGCTTC
GACCTCGGCTGTGTCTGTAA
GTAGCACGGTGAAGCTCTGT
TGTCGAGGACGGAGTTACAA

2

Covered region on chromosome 16
From
229674
230638
265814
230638
230779
230639
230237
251097
258159

To

230424
231246
266436
231091
231072
230975
230554
251804
258814

Table S3. Sequences of primers used for constructing plasmids as indicated.
Plasmids

Purpose

Forward (5’-3’)

Reverse (5’-3’)

DsRED-CrTGD2
pLW01

CrTGD2 cloning

ATGGTCATCCACGCCAGCG

TCAGTCGTCCAGCAGCCTG

DsRED-CrTGD2
pLW01

CrTGD2 amplification for
DsRED-CrTGD2 pLW01

CAGGATCCGCTCGCGGCAACGCGCT

TGGTCGACGAGTCGTCCAGCAGCCTGCTG

CrAtTGD2
pSI103

AtTGD2 amplification

TGGTGGCGTGGGCTCGCGAATTCGGCTTCCA AAGCTTTCAGAGCAGGCGCGACAGGCTCTTG
GATGCGGAGCAAGTTCCGCAAGTACCAAA ATCAGCAGCTTCAGGTTCTTGCGGGTGGC

CrAtTGD2
pSI103

Amplification of CrTGD2
containing promoter and
transmembrane domain

TCAGGCTGCGCAACTGTTGGGAAGGGCGAT CTCCGCATCTGGAAGCCGAATTCGCGAGCCCA
CGGTGCGGGCGTTCAGGGGTTCGCAGGGTT CGCCACCAGCGCCACCGCCGCGCCGCCG

CrAtTGD2
pSI103

pSI103 amplification

GCCCGCACCGATCGCCCTTCCCAACAGTTGC TGGCGGCCGCTCTAGAACTAGTGGATCCCCCG
GCAGCCTGAATGGCGAATGGGACGCGCCC GGCTGCAGGACGGCGGGGAGCTCGCTGA

CrAtTGD2
pSI103
AtCrTGD2
pDONR221

Amplification of CrTGD2
containing terminator
Amplifying pDONR221

GCTGCTGATCAAGAGCCTGTCGCGCCTGCTC CTGCAGCCCGGGGGATCCACTAGTTCTAGAGC
TGAAAGCTTGGCGCGCGAGGGGCGAGGAG GGCCGCCAAGTGCGCCACGCCGCCACGC
GATGCTGCCAACTTAGTC
GCTGGATACGACGATTCC

AtCrTGD2
pDONR221

Amplifying AtTGD2
Annealing synthesis portion
of CrTGD2 and pDONR
Amplifying CrTGD2
synthetic, overlapping
AtTGD2 and CrTGD2 from
DsRED
Amplifying CrTGD2 from
DsRED, overlapping
CrTGD2 synthetic and
pDONR
Amplifying Gibson’s
assembly from pDONR

GCAGCGCGTTACCTCGCAACCAAGCCCA

ACGGAATCGTCGTATCCAGCATGATTGGGAA
TCCAGTAATTCAAGTTCC

GTTGCGAGGTAACGCGCTGCGCACCGGC

CCGTGGACACGTCGTTCACCTCCACCAGCAC
GTC

GGTGAACGACGTGTCCACGGTCATCCCG

TCGACTAAGTTGGCAGCATCTCAGTGGTGGT
GGTGGTG

CACCATGATTGGGAATCCAGTAATTC

TCACTCGAGTGCGGCCAA

AtCrTGD2
pDONR221
AtCrTGD2
pDONR221
AtCrTGD2
pENTR D TOPO

1

DATA S1
Amino acid sequence alignment of Mammalian Cell Entry domains of CrTGD2 homologues
used for building the phylogenetic tree in Supplemental Figure 7.
MUSCLE (3.8) multiple sequence alignment
Ignatzschineria larvae
Xylella fastidiosa
Escherichia coli MS 115-1
Pseudomonas putida
Caenispirillum salinarum
Actinomadura flavalba
Mycobacterium tuberculosis
Gordonia otitidis
Streptomyces sp. Tu_6176
Intrasporangium calvum
Synechococcus sp. PCC 6312
Selenomonas artemidis
Phascolarctobacterium succinatutens
Stanieria cyanosphaera PCC 7437
Chlamydomonas reinhardtii
Volvox carteri f. nagariensis
Coccomyxa subellipsoidea C-169
Chlorella variabilis
Auxenochlorella protothecoides
Micromonas pusilla CCMP1545
Ostreococcus tauri
Tarenaya hassleriana
Arabidopsis thaliana
Brassica rapa
Solanum tuberosum
Nicotiana tomentosiformis
Cicer arietinum
Brachypodium distachyon
Musa acuminata subsp. malaccensis
Phoenix dactylifera
Aegilops tauschii
Oryza sativa Indica Group
Sorghum bicolor
Zea mays
Setaria italica
Prunus mume
Fragaria vesca subsp. vesca
Coffea canephora
Theobroma cacao
Jatropha curcas
Nelumbo nucifera
Hevea brasiliensis
Ricinus communis
Vitis vinifera
Selaginella moellendorffii
Physcomitrella patens
Microcoleus sp. PCC 7113
Oscillatoria nigro-viridis
Anabaena sp. 90
Gloeocapsa sp. PCC 7428
Calothrix sp. PCC 7103
Nostoc sp. PCC 7120
Richelia intracellularis
Megasphaera sp. NP3
Anaeromusa acidaminophila

IEYKVITN-ESVAGLSINSPIDYRGVNVGKVAAIELNNNDPRYVTILLNI--DVGTPIKR
--YRVVFR-EAVTGLSVGSPVQYNGIAIGSITQLTLAPNDPRQVIAHLRV--NATTPIKK
--FN-----EPVSGLSQGSTVQYSGIRVGEVTQLRLDRDNPNKVWARIRV--SASTPIRE
--YEVVFN-EAVSGLSRGSSVQYSGIKVGDVTSLRLDPNDPRRVLAQVRLSAD--TPVKE
--YTI---YDNVGGVKFGTPVLYEGYTVGQVEDVEPQMTD-EGTRFRVEMSVQEGWPIPE
-PYNISVEFASSPGLHPGFEVDYLGLRIGKIDSVRLAGDK---VVVKLDI--DKDVEVPR
--NTVVAYFTQANALYVGDKVQIMGLPVGSIDKIEPAGDK---MKVTFHY--QNKYKVPA
-TKTITAYFPSVNGLYTGDTVRVLGVKVGKVAAITPRSGD---VKVTLDV--DRSTPIPA
-GTRVTAYFDRAVGIYAGSDLRILGVRAGAVKSVRPQGTQ---VRVELEL--DDGIQVPR
-PTTISADFTRAVGLYPGSDVRILGVKVGQVDVVEPQGRH---VRVTFSV--DSRHRIPA
-TYEVTITLADAPGLVVGTPVRYRGVRVGSISDVQVGPMG---IIAKAKLR-D--VIIPR
-EYTLYVGFGRAVGLNPEAQVLLSGVPVGHVEKVGSDGTG---VTVAISVS-DD-VKIPR
-GYELRINYPQVSGLMPGHVVRYAGVQVGTVKKINVAHDK---VEVITEIN-DD-IKIPQ
-SYQVIAQFPNVNGIQVGDSVRYRGLKVGKITDIMPGTNG---VDVMMEIS-SSDLLIPK
-PYQATIEFPLACGIQIGTPVRIRGVQVGQVLAVKPSLER---VDVLVEVN-DVSTVIPR
-PYKATIEFPLACGITIGTPVRVRGVQVGQVLAVKPSLER---VDVLVEVN-DVSTVIPR
-GYQCVLEFPLACGITVGTPVRIRGVPIGSVLNLNASLEK---VEVLTEVK-KSTTVIPR
-GYQAILEFPVACGITVGTPVRIRGVPVGGVLSVQPSLEK---VDVLVEMK-DSTTVIPR
-SYQAILEFPVACGISVGTPVRIRGVPVGGVLGVQPSLEK---VEVLVEIR-DSTTVIPR
--YQAFVEFPFACGIQVGTQVRVRGVKVGNVLSVRPNLER---VEVLVEMD-DDGIVIPR
--YQAFIEFPVACGIQVGTNVRVRGVKAGTVLSVQPSLEK---VDVLVEMD-DKNVPIPR
-KYQTVFEFPQASGICTGTPVRIRGVNVGNVIRVNPSLKN---IEAVTEID-DDKIIIPR
-KYQTVFELSHASGICTGTPVRIRGVTVGTIIRVNPSLKN---IEAVAEIE-DDKIIIPR
-KYQTVFELSQASGICTGTPVRIRGVTVGTVIRVNPSLKN---IEAVAEIE-DDKIIIPK
--YLAVLEFEQACGICTGTPVRIRGVSIGNVIRVNPSLRN---VEAVVEVE-DDKIIIPR
-KYLAVLQFEQACGICTGTPVRIRGVNIGNVIRVNPSLRN---VEAVVEVE-DDKIIIPR
-KYTATIEFSQACGICTGTPVRIRGVTVGDVIRVNPSLRS---IEAVVEIE-DDKTIIPR
-KYQAVLEFGQACGICVGTPVRIRGVTVGNVVRVDSSLSR---IDAVVEVD-DEKIVVPR
-KYQVVFEFSQACGICVGTPVRIRGVNVGNVVRVDSTLRS---IDAIAEVD-DDKIIVPR
-KYQAVFEFSQACGICVGTPVRIRGVTVGSVVQVNSSLKS---IDATVEVE-DDKIIIPQ
-KYNAVFEFSQACGICVGTPLRIRGVTIGSVVRVDSSLRS---IDAYVEVE-DDKIIVPR
-KYQAVFEFTQACGICVGTPVRIRGVTVGNVVRVDSSLKS---IDAYVEVE-DDKIIVPR
-KYNTVFEFTQACGICVGTPVRIRGVTVGSVVRVDSSLRS---IDATVEVE-DDKIIIPR
-KYNTVFEFTQACGICVGTPVRIRGVTVGSVVRVDSSLRS---IDATVEVE-DDKIIIPR
-KYNTVFEFTQACGICVGTPVRIRGVTVGSVVRVDSSLRS---IDALVEVE-DDKIIIPR
--YFAVFEFTQACGISTGTPVRIRGVNVGSVVRVNSSLES---IEAVVEVE-DDKTVIPR
--YFAVFEFTQACGIATGTPVRIRGVTVGNVIRVNSSLQS---IEAVVEVE-DDKTVIPR
--YLAVFEFEQACGICTGTPVRIRGVNVGSVIRVNPSLNS---IEAVVEVD-DDKVIIPR
--YLAVFEFAQASGICTGTPVRIRGVTVGNVVRVNPSLKS---IEAVVEVE-DDKIFIPR
--YLAVFEFAQAGGICTGTPVRIRGVTVGNVIKVNPSLRC---IEAVVEVE-DDKIIIPR
-KYQAVFEFAQACGICMGTPVRIRGVTVGNVIRINPSLKS---IEAVVEVE-DDKVIIPR
--YVAVFEFAQACGICTGTPVRIRGVTVGNVIQVNPSLRS---IEAVVEVE-DDKIIIPR
-KYTAVLEFAQACGICTGTPVRIRGVTVGNVIQVNPSLKS---IEAVVEVE-DDKIIIPR
--YLAVFEFTQACGICKGTPVRIRGVTVGNVIQVNPSLKS---IEAVVEVE-DDKIIIPQ
-KYFATFEFAKAWGITVGTPVRIRGVDVGTVIRVKPTLEK---LDVEVQIV-DANLVIPR
-KYEAVFEFQLAQGITVGTPVRIRGVDVGNVVQVRPSLEK---IDVVVELS-DAGIVVPR
-SYQFIVKFANVAGMKTGAMVRYRGVKVGRITEVTPETNG---VNATVEIS-DPDLLIPK
-SYKFAVEFASAQGMQIGTPIRYRGVAVGKITALKPGSNG---VDVTLEIA-PGTLVIPR
-SYQATIEFANAGGMQKGSAVRFRGVKVGTITNVKPGSNA---IDVEIQIN-SPDLIIPS
--YSAIIEFANVGGMQEGGVVRYRGVNVGNIAAIRPGPNG---VEVDVEIA-PANLIIPR
-NYKIFVDFSNAGGMQKGAPVRFRGVKVGRIAAIRPGPNN---VEVELEIS-QRDLIIPR
--YKAVVEFANAGGMQRGATVRYRGVKVGRISQIQPGPNA---VEVEIEFA-QSNLIIPR
-TYKVIVEFTNAGGMQKGAVVRYRGVKVGRVNSIQPGPNT---VEVEIEIS-QSELIIPK
----IHTEFNDANGLQKGNSVRYVGVHVGKVEKVTPSRNG---VDVTMKI--DKGTEIPR
-GYPIQAVFSQVGGLKDGAIVRYAGVDVGRVQSVEMTATG---VTVNLRIF-DH-VRIPR
.:
:
*
* : :
:

Ignatzschineria larvae
Xylella fastidiosa
Escherichia coli MS_115-1

DTEAVLMSRGITGIVNVSLTGDTRAKLAITSLTGPSIIQLSGDTQARLTVAGITGTSNIQFSS-

1

Pseudomonas putida
Caenispirillum salinarum
Actinomadura flavalba
Mycobacterium tuberculosis
Gordonia otitidis
Streptomyces sp. Tu_6176
Intrasporangium calvum
Synechococcus sp. PCC_6312
Selenomonas artemidis
Phascolarctobacterium succinatutens
Stanieria cyanosphaera PCC 7437
Chlamydomonas reinhardtii
Volvox carteri f. nagariensis
Coccomyxa subellipsoidea C-169
Chlorella variabilis
Auxenochlorella protothecoides
Micromonas pusilla CCMP1545
Ostreococcus tauri
Tarenaya hassleriana
Arabidopsis thaliana
Brassica rapa
Solanum tuberosum
Nicotiana tomentosiformis
Cicer arietinum
Brachypodium distachyon
Musa acuminata subsp. malaccensis
Phoenix dactylifera
Aegilops tauschii
Oryza sativa Indica Group
Sorghum bicolor
Zea mays
Setaria italica
Prunus mume
Fragaria vesca subsp. vesca
Coffea canephora
Theobroma cacao
Jatropha curcas
Nelumbo nucifera
Hevea brasiliensis
Ricinus communis
Vitis vinifera
Selaginella moellendorffii
Physcomitrella patens
Microcoleus sp. PCC 7113
Oscillatoria nigro-viridis
Anabaena sp. 90
Gloeocapsa sp. PCC 7428
Calothrix sp. PCC 7103
Nostoc sp. PCC 7120
Richelia intracellularis
Megasphaera sp. NP3
Anaeromusa acidaminophila

DTQAKLTLTGITGTSFIQLSGDSSADVAASGFLGGMMINITGG
GVHAAAARKSAVGEPVVELTPNASAVILNPTLVASRNIQLEPDARAVVVAQSLVSGRFVQLTPGAHAVIVAPSVVADRFVQLTPDARAAIVAPSLVSDRYVQLLPDAIPEVRQSGFVGSSFLDF--GSSVTIAQPGIMGDKFVIITPGATFTISSDGIMGEKFVSVIPNALIQASSSGLIGETFVAIIPNSVIEANQSGLIAEPLVDITPNSVIEANQSGLIAEPLVDITPNSHIEANQSGLIAEPLIDITPNSLIEANQSGLIAEPLIDITPNSLIEANQSGLIAEPLIDITPNSLVEANQSGLIAETIIDITPNSVIEANQSGLIAETIIDITPNSLVEVNQSGLLMETMIDVTPNSLVEVNQSGLLMETMIDIMPNSLVEVNQSGLLMETMIDITPNSLVEVNQSGLIMETMIDITPNSLVEVNQSGLIMETMIDITPNSSVEVNQSGLLMETVIDITPNSVVEVNQSGLLMDTLIDITPNSLVEVNQSGLLMETLIDITPNSLVEVNQSGLLMETLIDITPNSLVEVNQSGLLMETMIDITPNSVVEVNQSGLLMETLIDITPNSVVEVNQSGLLMETLIDITPNSMVEVNQSGLLMETLIDITPNSLVEVNQSGLLMETLIDITPNSLIEVNQSGLLMETRIDVTPNSLIEVNQSGLLMETRIDITPNSLVEVNQSGLLMETLIDITPNSLIEVNQSGLLMETLIDITPNSLIELNQSGLLMETIIDITPNSLIEVNQSGLLMETLIDITPNSLIEVNQSGLLMETLIDITPNSLIEVNQSGLLMETLIDITPNSLIEVNQSGLLMETLIDITPNALVEVNQSGLVSETLIDITPNALVEVNQSGLISETLIDVTPDVVIEANQAGLVGETSIDITPDVTIEANKSGLIGESSIDITPNSIIEANQSGLISENIIDITPDVQIAANQSGLISEVSIDITPDVKVEANQSGLIAESLIDITPDVVIEANQTGLISESIIDITPNIVVEANQSGLIGESVIDITPDSKIVITTDGLLGEKIVSISPG
GSVFTIASEGLLGEKYITILP.
: .
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METHODS S1
Generation of tgd2 mutant and genetic analyses. The tgd2 mutant was generated by insertional
mutagenesis in the same experiment as described previously for the cht7 mutant (Tsai et al. 2014).
For genetic analysis, the original tgd2 mutant (in dw15.1) was crossed with the cell-walled strain
CC-198 as previously described (Li et al. 2012). The progenies were tested for cosegregation of
Hygromycin B resistance and TAG lipid phenotype. Genetic complementation analysis was
initiated by generating tgd2 lines into which fragments of genomic DNA were introduced that were
derived from bacterial artificial chromosomes (Clemson University Genomics Institute). Genomic
DNA fragments covering individually each affected gene with ~ 1 kb 5’ of the start codon and 0.5
kb 3’ of the stop codon were cut from BACs with restriction endonucleases (for details refer to
Table S1). Approximately 0.5-2.0 μg of purified genomic DNA was co-introduced into the tgd2
mutant with the Paramomycin resistance gene Aph8 at a 1/10 molar ratio. Aph8 was prepared by
KpnI/PstI

digestion

from

plasmid

pSI103

(Chlamydomonas

Resource

Center;

http://chlamycollection.org/). The amounts of DNA used for the transformations are listed in Table
S1. The transformants were selected on TAP agar containing 20 μg/mL Paromomycin. Single
colonies were picked and grown in 200 μL TAP medium in 96-well culture plates. Of the mid-log
phase culture 150 μL were transferred into 96-well PCR plates and centrifuged at 3000 X g for 5
min. The supernatant was removed. The pellet was used to extract DNA with Chelex-100
(SIGMA) as previously described (Cao et al. 2009). Presence of the introduced DNA was
confirmed by PCR using primers and sequences listed in Tables S1 and S2, respectively. Colonies
positive for the introduced gene were then grown in TAP liquid medium for lipid analysis.
DNA isolation and Southern blot analysis. DNA isolation was carried out as previously
described (Keb-Llanes et al. 2002) with some modifications. A mid-log phase culture (15 mL) was
harvested by centrifugation at 3,000 X g for 5 min. The pellet was resuspended in 400 μL extraction
buffer A without polyvinylpyrrolidone, ascorbic acid and β-mercaptoethanol. The mixture was
then incubated at 60°C for 1 h. 400 μL of phenol/chloroform (1:1 v/v) were added. The mixture
was then mixed by repeated inverting and centrifuged at 13,000 X g for 1 min. The upper phase
was transferred to a new tube. The process was repeated with chloroform. DNA was precipitated
by adding 1 volume of isopropanol, followed by centrifugation at 13,000g for 5 min. The
1

supernatant was discarded. The pellet was washed with 70% ethanol, dried and resuspended in 200
μL of 10 mM Tris-HCl pH 8.0. The isolated DNA was treated with 10 μL of 0.5 mg/mL DNasefree RNase (Roche). The treated DNA was purified, precipitated, and resuspended again as
mentioned above. Southern blot analysis was done with the same probe as described in (Li, et al.
2012).
Whole genome resequencing. The genome of the tgd2 mutant was sequenced by Illumina Hi-Seq
using the paired-end method at the MSU-Research Technology Support Facility. Reads were
quality checked and trimmed with the FASTX toolkit 0.0.13 (Patel and Jain 2012). Read assembly
was performed with velvet 1.2.07 (Zerbino and Birney 2008) using a 21 k-mer. The presence of
the Aph7 gene was detected in assembled reads with BLASTN 2.2.26+ (Park et al. 2012) using
the default setting. Reads containing the Aph7 gene were analyzed for flanking genomic sequences
against the Chlamydomonas reinhardtii V5.3 reference genome using BLAST (Altschul et al.
1997). The identified deletion was confirmed by PCR using primers as listed in Table S2.
Phylogenetic analysis. Amino acid sequences were obtained from blastp searches with CrTGD2
as query against the amino acid sequence database through BLASTP 2.2.31+ at the National
Center for Biotechnology Information website (www.ncbi.nlm.nih.giv/, Altschul, et al. 1997,
Altschul et al. 2005). Protein domain searches were carried out against the Pfam protein families
database (Finn et al. 2014) with hmmscan 3.1b1 (Eddy 2009). Mammalian Cell Entry (MCE)
domain (PF02470.15) was a common domain for every amino acid sequence and was used for
alignment with MUSCLE (Edgar 2004). The gap penalty was set to -9 for gap open and to -3 for
gap extension. The aligned amino acid sequences were then used for phylogenetic tree
reconstruction with MEGA6 (Tamura et al. 2013) using Maximum Likelihood method based on
the JTT matrix-based model (Jones et al. 1992). Test of phylogeny was carried out with the
Bootstrap method (Felsenstein 1985) set for 1000 replicates.
Heterologous complementation analysis. In order to test the activity of AtTGD2 in the
Chlamydomonas tgd2 mutant, a fusion protein containing the CrTGD2 transmembrane domain
and the AtTGD2 extrinsic portion was expressed from a construct assembled into the pSI103
vector (Sizova et al. 2001). The CrTGD2 transmembrane domain encoding portion also contained
2

1 kb 5’ of the start codon including an intron followed by the extra membrane portion encoded by
codon-optimized AtTGD2. In addition, 1 kb CrTGD2 sequence 3’ of the stop codon was included
(Figure S9). This construct was produced using a Gibson’s assembly kit (New England Biolabs).
Primers used are listed in Table S3. Two μg of this construct was used to transform the
Chlamydomonas tgd2 mutant.
For testing CrTGD2 complementation of the Arabidopsis tgd2 mutant, a fusion protein
consisting of the transmembrane domain encoded by AtTGD2 and the membrane extrinsic portion
encoded by CrTGD2 was expressed from a construct assembled into the pMDC32 vector (Curtis
and Grossniklaus 2003) (Figure S10). The CrTGD2 fragment was obtained by gene synthesis (165
bp) and DsRED-CrTGD2 pLW01 (672 bp). AtTGD2 and CrTGD2 fragments were introduced by
Gibson assembly (New England Biolabs) into pDONR™221 (InvitrogenTM). This construct was
then used as a template for assembly into pENTR™/D-TOPO® (InvitrogenTM) eliminating the Histag. At-CrTGD2 pENTR was used as a donor vector to construct At-CrTGD2 in pMDC32 using
Gateway® LR Clonase™ II enzyme mix (InvitrogenTM). Primers used to make this construct are
listed in Table S3. At-CrTGD2 pMDC32 was introduced into Agrobacterium strain G3101.
Agrobacterium containing At-CrTGD2 pMDC32 was used for Arabidopsis tgd2 mutant
transformation using the floral dip method as previously described (Clough and Bent 1998).
DsRED-CrTGD2 pLW01, DsRED-AtTGD2 pLW01 and DsRED pLW01 constructs,
recombinant protein expression and purification. DsRED-AtTGD2 pLW01and DsRED pLW01
were obtained from Binbin Lu (Lu and Benning 2009). DsRED-CrTGD2 pLW01 was constructed
in order to test the function of CrTGD2. Based on sequence alignment between CrTGD2 and
AtTGD2 and hydrophobicity analysis the C-terminal membrane external portion of CrTGD2 was
identified (Figure S7). The corresponding DNA fragment was amplified with Phusion polymerase
using primers listed in Table S3. The CrTGD2 fragment and pLW01 (a provided by Dr. Michael
Garavito, Michigan State University) containing DsRED and a His-tag were digested with BamHI
and SalI. The products were ligated together to produce DsRED-CrTGD2 pLW01.
Protein expression was carried out according to (Lu and Benning 2009) with minor
modifications. Protein expression was induced with 100 μM instead of 50 μM IPTG. For protein
purification, the supernatant from the cell lysate was incubated with HisPur Ni-NTA resin (Thermo
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SCIENTIFIC). The eluted protein was dialyzed in dialysis buffer containing 125 mM NaCl in
addition to 10 mM KH2PO4. The protein was stored in 50% (v/v) glycerol at -20°C until used.
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